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Preface

This  t c p >r t is Part 4 of a s e v e n — p a r t  se ries  on }~~‘ha v ior  of Porous I 3 e r y l l i u m
Under  The rmomechan ica l  Loading ( l ( R l . -~~1682 Pt~ , 1- 7 ) ,  The t it 1e~ and au t h o r s
of th~ i n d i v i d u a l  reports  iii  the  ser ies arc as f o l l o w s :

T i t l e  A u t h o r
l’ur t  1. S u m m a ry  of Resu l t s  - M . lsbel l
1’~i r t  2 , Quasi-Su ~tu  )e format ion  R . N . Schock , A. E , ~b ev . and A . ( .  J ) uba
l ’ :irt 3 , Shock Wa ve  Studies \V . M . Isbe ll  and H. H . Horn ing
Pa rt 4 . Cons titu tj ve  Model for Wave F . II . Itee , W . M. Ish el l , a n d  U .  R .  Horning

Propagation
l’art ~~ . Electron-Beam Studies 0. R. Walton and W . M . I sbell
Part 6 . Effect  of Pressure nfl the Micro-  J . E . Hanafee and E. 0. Snell

s t ruc tu re  of Plasr i ta-S prayed
Beryl l ium

l’art  7 , Ca l ibra t ion  Studies on the  R. R. Horn ing and W . .“~1 . Isbe ll
Carbon Piezores is t ive  Gage

This work was suppor ted  by the Defense Nuclear  A gency (Mr.  l)ona~d Kohier ,
t echn ic a l  moni tor )  under  the auspices  of the U .S . Atomic  Energy Commiss ion .
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BEHAVIOR OF POROUS BERYLLIUM UNDER
THERMOMECHANICAL LOADING:

PART 4.
CONSTITUTIVE MODEL FOR WAVE PROPAGATION

C - ‘

Abstract 
-

A new co n st i t u t iv e  model for wave wh i c h  were conducted to provide the sup-
propagat ion in porous mater ia l s  is con- port ing inputs  to the model~~ Wave pro-
structed here . Based on s imi la r  models f i les  generated from plate impact experi-
proposed earlier by Her rmann and Uolt , ments were used to test the model under
the new model fea tures  ( 1) inclusion of d i f f e r en t  exper imenta l  conditions. The
deviatoric  stresses , (2 ) an option for resul t ing good agreement between the
porosity-dependent relaxation t ime for model calculat ions and wave prof i le  ex-
pore closure , (3) elastic reopening of the periments suggests that the mechanical
pores , and (4 ) an improved plastic corn- response of porous bery ll ium can be satis-
paction function.  factor i ly  described within the necessary

This model has been app lied to p lasma- accuracy by this model . We also d iscuss
sprayed porous bery l l ium in the as- two other relevant top ics , namely, the
sprayed condition (—‘~14% porosity) and effect  of an in-material  gage on observed
after sintering (~~l0% porosity) . We di’s- wave prof i les , and a t ransient  phenomenon
-e-u~ s techniques used to correlate data affect ing the vcave profile at the impact
from the static and dynamic experiments surface .

1. Introduction

When a thin plate impacts at high veloc- attains a speed of 0 . 3 5  cm/p s , which
ity against a metal target , it generates a represents only 42°i . of the shock speed of
stress pulse which  travels through the solid bery llium. This dramatic decrease
target medium . Response to the stress in shock wave velocity is a common
wave is slightl y more complicated when occurrence in most porous metals and is
the medium is porous . First we note that associated wit h the extra t ime taken by
the compressive side of the pulse travels the shock wave either in closing the pores
with  much lower velocity in the porous or in being scattered fro m them . The - 

-

medium than in the corresponding solid second notable feature  occurs on the
medium.  In the case of l0~ porous release side of the pulse. Experiments
plasma-sprayed sintered beryllium, for on the release wave velocities in porous
example , a 2-GPa (‘ 20-kbar)  stress wave a luminum and beryl l ium~~~

3 have shown
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t h i t  t he se  vi i i , ,  t i - s I - p t - n d  l e s — , -a n s i —  t i - s t i n g  t lo~ i n o d , - 1  it d i f fe r e n t  st r ess
t i v s - l v  oi l  i n i t i a l  p o z o - ~i t ’  t n d l i t  c l o ser  to l ’ - -~a - l s ,  I ’ .’ p l a s m a — s p i - a v e d  v a r ie t i e s
r e l e as e  w a ve ; ’-  l i t  i t o - S  i i ’  e or r . - -~poi~dt n g  w er e  c n s id er e , I  in o u r  n i t i d l i n g  e I I , r t —
t1 ) f l p o i O U S  s t r i i p i t - s . .\ 2 — G l ’ a st r e ss  an “a s — s p r : t v & ’ d ’ b t - x ’ v l l i u x i .  w i t h a n o m i —
w a v e  in 1O ’ p r i u s  s in t ered  lo r y l l i u r ~i n i l  i l i ’ n s i t v  of 86’’ , and a ‘‘ —.in te red ’’
quoted in th~ ;t bov i -  t x  &n ~ j , l  e has  a i r  i n i t i a l  h cry l  I i um  w h i c h  was d. -n s  i f i t - I to P U ’  of
r i - I t - a s t -  w a v e  sp~’.-d of 1 . 3 c m/p s , Thi s  ~ d i d  ti ns its -  by :i s i n t e r i n g  process .

n r a  r - l v  the  sam e  is th ~- i - i - i  k - a  Se w a v e  I -.~p - ~- i ir ’ - nta l  e v i d e n c e  d e s cr i b e d  later
sp ’ - c i i  of sol id  m c v i i  iu r n . Hoth of t hese  in d i c a t e s  t h u  the  two porous be ry l l i um

- u t u  i t ’s  imp ly l i . i t  i- -i p n i  n~ ol the  pores sp e c i m e ns  show d i f f e r e n t  compact ion
t i n es  riot t uk - p la ce t i  t i a i ’ c~t ’ extent  and and r , -lease  b e h a v i o r s ,  These fea tures
t h at  the pore c l o s u r e  ac h ieved d u r i n g  wer e  incorpora ted  in our  model.
C ompac t ion is p r i m a r i l y accomp lished by A combine d  theore t ica l  and experi-
a p l a st i c  f low J i o c e s s.  menta l  s tud y was performed in which

The l ar g e  d i t f e r e n c r -  between the corn- s t ruc tu ra l  charac te r iza t ion  of the porous
p r - i- - ~ive  - i n t l  re lease wave  velocit ies  b e r y l l i u m  by p hotomic ro graphy,  static
s h o w s  up  more  d r a m a t i c a l l y in the at ten- s t r e s s - s t r a in  tes t ing ,  and ul trasonic data
uation of a stress pu lse . The pulse provided in format ion  essential for formu-
at tenuates  v ery  rap idl y a f t e r  propagat ing lating and ca l ib ra t ing  the model , whi le
a r e l a t i v e ly  short  d i s t ance  through the plate impact t e s ts  were  conducted to check
porous m e d i u m . This  immedia te ly sug-  the predic t ive  capabil i t ies of the model .
ge st s  a u s e f u l  app l i c at i o n . Namel y, a These exper iment s have been carr ied out
th in  layer  of porous mater ia l , coated over at th i s  Laboratory , and some of them
a solid su b s t r u c t u r e , c-an be use’l to pro- have been reported separately and are the
tect the s u bst r u ct u r e  against  h igh- in tens i ty ,  sub jects of other report s in this series .3 7

s h o rt - d u r a t i o n  shock wave s a r i sing  from Our model is based on the  P-a-7 model
ei ther  m e c h a n i c a l  im p a c t  or other types  of Holt et al ., 8 which  is a ra te-dependent
of rapid energy depos i t ion  (e .g. , sudden modification of the P-a model developed
heat ing ) .  by Herrmann.9 The porosity parameter 

—

I- or such  app l ica t ions , it is essential  a , which is the ratio of the porous to
to ca r ry  out computer  s imula t ions  using solid volumes, and the relaxation t ime ‘7’,
a phy sical  model that can accurately pre- which  is the t ime necessary for the pores
dict  the dynamic  behavior of porous ma- to close to a final equ i l i b r ium size , play
terials . The present work is addressed important roles in these models . These
to th is  prob lem.  models develop a simple cons t i tu t ive

As a representat ive material  for the relation between the pressure  and a . Thus
porous metals we have chosen porous the difficult task of develop ing a compli-
bery l l ium , whose dynamic  response is cated relation connecting the pressure ,
porosi ty-dependent  up to stress levels volume , and energy of a porous mater ia l
as high as 4 GPa . Beryll ium remains is bypassed .
porous over a relatively large range of The di f ference  in the compressive and

L 

pressure, which  makes it use fu l  for release wave veloci t ies  noted ear l ie r  is

-2 -
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t i n  i b u t i d in  t U I  z n - t h e  I to  the  1-hu ng ( ’  in s u i t a b l e  to descr ibe  the  loading behavior
t i1 - p i i - i t \  i a i - O r u r e - t - r - ‘, -c h i l t ’  ‘r r a n  of s in i t e r - t ’h  porous b e r y l l i u m , the same

f - i  - , .r n i e  ui i s u a s i ’ . i ’ &‘ ‘. r h -n t  proc edure  cannot be used to descr ibe  the
i t - , 

~~ , , 
i : i .~ t-  t o  shoc k t i s - t i i r i c ’ . c l i  ~~u c ’ r — loading  ‘l - & t a  of the  as— sprayed porous

sh~n ,t id a t t i -n u at i on  1 a p r e cU  r —  - r ~ an d be ry l l i u m . This  is due to a re la t ive ly
th e possi  r i e  p r r -  .~ - i t r i -  i f  t i  in.-, i e : i t  e - t f e c ’ t s  In z’g ’ n u m b e r ru f  nonsp her ica l  pores and
in  t h e  -h c k  I r  ‘ n t  when m e a s u rem e n t s  i r r e g u l a r l y shaped cracks  wh ich  separate
a r e  t aken  at t h e  I l : t l u c t c t  ~ u r t a r  I that  d i f f e r e n t  be ry l l ium gra ins  in the as—
-~U ( . h r a t d epc - : r i e - n t  e f fe c t -  n i t  indeed sprayed mater ia l . For as-sprayed porous
prc’ - e - n t  in e - x l o - r i n l c - r l t a l i y n n i e - a - -u r ed  wave  be ry l l ium , therefore , we assume that the
p i o t i l t - -- . u n i t ’ s and Her rmann ’s models  loading occurs  plast ical ly f rom the begin-
i ra - , h~~~eve r, hy d ru dy n a m i c  models, fling of compaction. For this  purpose ,
Therefore , the y do not ex p l a in  in a self- we introduce a porosity-dependent relaxa-
u - ,n s is t e ’nt  manner any e f fec t  (such as an tion time ~

- whose express ion was derived
ela~ t i c - -  p l a s t i c  na tu re  of r t ’ l t - a , t -  wave from a sp herical  model calculat ion for an
p r o f i l e - s i  or ig ina t ing  from devia tor ic  e las t ic-viscoplast ic  material  by
st i e S s i ’ -, . Cristescu 12 and Holt et -al . 1’3 The use

We added the  deviatoric  corrections to of such art expression gives a wave front

t h ese  models.  This was done by using which is sharpl y r is ing at the foot but

the  porous bulk-  and shear-modulus  ex- later becomes dispersive at the peak , a
p r e s - i c r i -  de r ived  f rom slightl y general - b~~~’tvior much in evidence in the wave

iz i n g  Mackenz ie ’s expressions 10 which ~‘oiiIes .

are app l icable  to a linear elastic medium A computer program 14 describing the
con ta in ing  sp herical  pores. These ex- model was included as a constitutive
pressions (except for a slight modification) model in the one-dimensional  hydrody-
are the same as those proposed earlier namic code K015 and was applied to plate
by Seaman. 11 The present  model also impact experiment s, where accurate data
inc ludes  an improved static compaction on full and attenuated wave profiles were
funct ion that was deduced from the hydro- available. This comparison provides one
static measurements,  of the severest tests of the model ’s ade-

Sintered and as-sprayed bery llium quacy. The satisfactory results described
behave different ly,  especially along initial below lead us to believe that the mechan-
loading portions. While the extended ical response of porous bery llium can be
forms of Mackenzie ’s expressions are described adequately by our model .

-3-
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2. Characterization of Porou8 Berylli um

Our porous model requi res  informat ion tered Be plates contained about 1 .5 wt ’P
from several types of static and dyn a m i c  of ReQ. The other i mp u r i t i e s  (Fe , Al , C’,
exper iments  on porous be ry l l ium.  These Mg, W ) totaled 0 .35”~ and 0.20 % each for
experiments  were done on porous beryl-  the as-sprayed and the sintered specimens.
h u m  specimens from the same batches .-\ more complete desc r ip t ion  of the two
in all the test series to avoid the common mater ia ls, inc lud ing  spectrographic
problem in experiments  on porous mate-  analyses, is given in Ref . 3 . In the
rials of ba tch- to-batch  variat ions , thus  computa t ions  presented later , we Use
assur ing  a consistent comparison between in i t i a l  dens i t ies  of 1.660 g/ cm 3 and
exper iments  and computations. Several 1.59 1 g/ cm 3 for the sintered and the as-
groups at LLL contributed to this  work: sprayed Be specimens, respectively.
photomicrography and material  charac - These values agree, within the experi-
terization data was provided by Hanafee mental uncertainties, w ith measurements,
and Snell , 4 quasi-s ta t ic  deformation data Figure 1 shows photomicrographs of
by Schock , Abey, and Duba , 5 ultrasonic the sintered and as-sprayed samples .
velocity measurements by Green ,6 and Comparison of the sintered and as-sprayed
Hugoniots and wave profiles by Isbell and specimens shows that the pores in the
Horning 3 and Gust. 7 Some of these data as-sprayed specimen are more irregular
had to be reduced into forms applicable in shape, larger in number , and have a
for model-bui lding purposes . We give wider  size distribution . There are also
below an overview of the experimental cracklike structures in the as-sprayed
resul ts  and discuss techniques used to material , formed by colonies of larger
correlate those features that are relevant pores . Sintering, in addition to dens if y ing
to the present work, the material by about 4%, reduces the

number of pores and makes them less
2 .1 STRUCTURAL CHA RACTERISTICS irregular in shape and more uniform in

size . This difference is taken into ac-
Beryllium powders supplied by Kawecki count in our model .

Berylco Industries were plasma-sprayed In all test specimens, the outer 0.0 15-
in a dry argon atmosphere onto a rotating cm layer from the top and bottom sides of
aluminum mandrel, which was removed both sintered and as-sprayed machined
after the plasma spray . Thickness of the specimens was removed by chemical
finished plate ranged from 0.48 to 0 .55 cm etching. The densification of surface
across the radius. One specimen (desig- layers arises from the machining process
nated as “sintered ”) was heat-treated and can lead to erroneous experimental
2 hours at 117 5°C, while the other speci- result s if not removed . Considerable
me n (designated as “as-sprayed ’ and wi th  twinning of the bery llium grains was
a slightly diffe rent initial powder ) had no noted in the densified layers , the ef-
such heat treatment. Ch emical analysis fect being most predominant in the
showed that the as-sprayed and the S~fl sintered materiat .

-4-
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(a ) Sint ered and baked: I — plane (b) As-sprayed and baked: .L-plane
Fig.  1 . Pr iotomicrographs of p lasma-sprayed porous be ry l l ium:  (a) sintered specimen ,

baked at 450°C , (b) as-sprayed specimens, baked at 450°C . These cross sec-
tions are normal to the direction of plasma spray . ( Photograp hs taken by
E lanafee  and Snell , Ref. 4 ,)

2 . 2 STATIC DEFOR 1~1ATION 4 GPa is only slig htly less than that  of
( FIARA C TERI STI CS - 17 -the solid hy drostat , but a relatively

1- igu re  2 ( a)  shows the hydrostatic large porosity (2 .2 w )  still remains at this
p res~~u r e -v o lu m e  relation for the sintered pressure . The residual porosity of about
b e r y l l i u m . The portion of the hydrostat 2~~, which appears to remain even under
f rom 0 to 0 . 8 GPa was obtained under  t rue  extremely compressed states , ’ is taken
hyr l ro s t a t i c  cond itions , in which  a speci- into account in our model.
men was coated wi th  semiflexible epoxy The hydrostat for as-sprayed bery l l ium
and f i t ted wi th  foil  strain gages to measure given in Fig. 1 of Ref . 5 was obtained by
c i r cumfe ren t i a l  and axial strains. It was using the quasi-hydrostat ic  data above
then placed in a p ressure - t ransmi t t ing  1.2 GPa and the hydrostat ic  data below
fluid (oi l i , and the pressure-volume re- 0 .5 GPa . In the region between 1. 2 and
lationshi p was measured.  Above 0 .8 GPa 0.5 GPa , which corresponds to a relatively
the measurements were obtained by a large range in the volume strain , “inter-
“quas i -hydrostatic ” method , ’6 in which  polated ” values were used to smoothly
the sample was surrounded by a pressure-  connect the lower arid upper  portions of
t ransmi t t ing  medium (tin ) and forces were the hydrostat . At pressures  above
appl ied to top and bottom by pistons . Tin , 2 .5 GPa the hydrostat for as-sprayed
with  its low yield strength, acts like a beryllium lies below that for sintered
fluid for pressures above its y ield stress bery l l ium with a nearly constant volume
(~ 0 .0l GPa) . Note that the hydrostat offset of about 0 .008 cm 3 g. Possible
exhibits  an elastic yield at approximately errors in the experimental  system for
0 .4 GPa . The slope of the porous hydro- quas i -s ta t ic  compaction include fric-
stat at the relat ively high pressure  of t ional  forces that exist  at in terfaces
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~‘ 2 .0  hyd r n u ’ “\,,,
Solid

~ 

// 
hy dro!tO t

-3 .8 s c o t - LV Porous
hydrostat

0.: 
~
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1- i g .  2 . l lv d r o st a t s  and I lugonio t s  of porous  and solid bery ll i u m :  (a)  s in te red  and
(b ~ a s - sp rayed  specimens .  Solid clots and t r iangles  are exper imenta l  l iugoniot
s t in t s of s in tered and as - sprayed  spec imens , respect ively . Hydros ta t  for

s i r -it i red sp e c i m e n  is that of Schock et al ., 5.~~ whi le  hy drostat  for  as-sprayed
spec imen  is )h t ained by an in terpola t ion scheme descr ibed  in the text ,

of t h e  samp le , the ’ d i e , and the pis ton , a f f ec t  the  bu lk  pr ope r t ies  ~~~ higher

a n - I p r o b i e r n i s  a r i s i n g  f ront  the e x m - r -  s tresses.  We concluded , the re fo re , that

im e nta l  n e c e s s i ty  of s t ack i n g  s c-v e r a l  the hydros ta ts  of both as - sprayed  and

l i v e rs of p i i rnu~ b e r y l l i u m  d i sks  to s in ter ed  s p e c i men s  would  also be close

m a k e  a spec imen  t h i c k  enough to to each other if the p r e s su re  exceeded a

I -s t  Such errors  are of a magn i tude  ce r ta in  level , probably about 1 GPa.

t o  a c c o u n t  for the  observed vo lume Addit ional  insight  was obtained from the

‘li f fer€ ’n ces . ultrasonic measurements. The experiment

There fore , for  the ca lcu la t ions , we which  was conducte~I to detect a t ransmi t ted

used a s l i gh t ly  d i f f e r e n t  hydros ta t  shear wave failed to do so because of the

(F ’ig. 2 (b ) )  for as -sprayed  be ry l l i um , but shear wave ’s small magnitude in the case

one which  is probabl y equally rel iable,  of the as-sprayed specimen . Assuming

This was d rawn  us ing  the fo l lowing  p hys i-  that the specimen is isotro p ic , this im-

cal observat ions.  F i rs t , we noted that plies that both the hydrostatic P-V data

the F lugonio ts  of both the s intered and the and the one-d imens iona l  ( 1-D )  strain data

as-sprayed specimens shown in F i g .  2 (b)  would likely have nearl y equal init ial

are nearl y equal to each other  for slopes ard hence come very close to each

stresses larger than about 1 GPa . This o ther  at low s t r e s s  levels .  Our porous

suggested to us that  var ia t ions  in the hy drostat  in Fig. 2 (b )  is drawn to agree

rn ic ros t ruc ture  of be ry l l ium are low - with  these observations. That is , at

s trength phenomena, and that they do not pressures  beyond 1. 2 GPa it is forced to

-6 -
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n ’ - V t i n  t h e  p r - H  h i ~ H - - I  i t  - i t  t i l e
t l t r a s o n i i ~

-~Lnt . - r e -  I s ç c e ’ c i r c - n e , in I c ’ - l i ’.~ (3 2 G I ~~t it v e l c s - n ty ( c ~-m ‘p s )
i s  I n o  i - i f  - e g r e t -  V. IL  IL ’ - F — I )  t~~u i f l  I n r i g i t u d n n ; .sl Shear

n i t  ‘i’s ”  - h a i t i  r i o t ’ -  I i” . - n , I n - c t  S i n t i - ~~e - d  1k’ 1 . 15 0. 81
s t i r - - e n s  n e l : t - ,n • —~p r ’ e v i l  b e ’r ’ ’ .- l l i n n  is r iot -~~~— s p n -  i y i - d  H~ 0 : 4
p. - r t e - c r ~~v i — c u - u p s -  it - t  1 ,V.~~~~t n ’ - le e - I , 1 150 sm a l l  t,, be -  n n e ’ o s u r . - d .

hi. - r n - -n ~t . n ’ i  t h e ’  no: i n n  ~ t r e - ~~s ohi-

‘ n i n e - - I  t n - n : 115 1 — I )  s t r a i n  r~~~t s  ( 11 ’ f t i t  In t I n e -  •~~e of t h e -  s i n t ” r e d  .-,~,i ’c i m r , ’-n ,

I a im i i ’  ~t :L ~ n v o l u m e  s ’ r -  i t m I , ~lt h o u g h  t h e  l o n g i t u d i n a l  v e l o c i t y  wa s  t a k e n  at

t i n e . ‘. ‘- i ’ • “ ‘~f I n , - - tV. c ..~~ r ’ - i -  w i t h  t u e  10 M h z  an d the shea r  v i ’ ) , it)’ at 5 M I l ~~.

a x i a l  5’ ‘ - 5 5  s i :  i n n - f rom  I — I )  s t r o m  The v a l u e s  quoted abo ve -  a r e -  th e ’  average

t e 5 t ~ - t t  0 2  I - i l e - ~~s . At pr’ c - sen t , it -,- a l u e s  taken fo r  two d n f f ” r e n t  t h i cknesses .

is not c , e o r ’  now m u c h  th e  ar i i so t rop i cn  Probable  e r r o r —  •n th  - e - m e c - c u r emen ts

cur  r e c t n c n wou ld  i f f e c t  the w a v e -  p ro f i l e s  are  ~20 - F o r  t he a s — s p ra y e d  s p e c i m e n s

~t low s t r ’ -s le v e l s . We a s - - u n i t -  it neg- a test of the  f requency dependence  of the

l ig i b l e  in o u r  t r - e .e t r n ’ -n t  , , -\ s w i l l  be seen l o n g i t u d i n a l  ve l oc i ty  w a s  m ar i e  at 5 MHz

la t c - r , w a - s p ro f i l e s  that  w e r e  obtained and 15 M F I z , u s i n g  two plate s cut f rom

u n d - - r -  t h i s  a s s u m p tion agree sa t i s f ac to r i l y  the same spec imen.  Th~. m e a s u r e d  veloc-

w i t h  ex p e r i m e n t a l  wave  p r o f i l es . i t i e s  at thes e - f r e q u e n c i e s  were  0. 343 and

Anothe r  s tatic  de fo rma t ion  exper iment  0. 33 8 cm/p s  for the f i r s t  p late , and 0 358

y i e l d i n g  i n fo rma t ion  that  w e -  incorporated and 0. 355 cm ps for t he  second plate.

in the  model  s’L i .s the cyclic unloading and This  i nu i c a t e s  no s ign i f ican t  f r e q u e n c y

r e l o a c l i r i g  expe r imen t  unde r  1-I) s t ra in  dependence on the sound speed over the

condi t ions .  ‘iVhen porous samples  were  f r equency  range tested. Since the data

subj €- - t sr - 1  to ii cyc l i c  lo a d i ng - u n l o a d i n g -  on the two plates  agree closely, we chose

reloading s t ress  wi th  ev e r - i n c r e a s i n g  the valu e-s  obtained from the  f i r s t  plate

l oad af t e r ‘-v e ry  cycle , the reloadin g in our model ,  As we mentioned ear l ier ,

portion of the s t r e s s - s t r a i n  path re turned  m e a s u r e m e n t  of the shear -wave  v e l o c i t y

v er y  close to the or ig ina l  s tress and was not succes s fu l  Its small  magnitude

strain leve l s  where  the unloading started. was d i f f i c u l t  to detect because of mode

This  f ea tu re  was incorpora ted  in our conversion, dispersion , and or at tenuation

y i e ld - s t r eng t h express ion.  that resu l ted  from interaction between the

2 .3 ULTRASONIC VELOCIT IES 
shear wave and the inhomogeneit ies  in the

porous specimen .

The values of the sound velocit ies given

below were  taken in the d i rect ion  perpen- 2.4 SHOCK W A V E
- CHARACTERISTICS

dicular  to the surface  of the porous speci-

mens . This is the same direction in wh ich  Three series of plate impact tests

the  p lasma was sprayed in making the were conducted.  The f i r s t  series was

specimen mater ia l , and it is also the designed to obtain Hugoniot data over the

direct ion of stress wave propagation in stress range 0 to 4 CPa , while the second

our plate impact  exper iments,  series was used to measure  profiles of

-7-

_ _ _ __ __ _- -‘- -- -—- ,,~~~~~~~~--~~— rn - -rn--- -— - ~~~~~~~~~~~~~~~~~~~~ ---- ~~~~~—~~~
- - -~ -~~---— —-



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- ‘ 
~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -—-
~~~~

-
~~

‘- .--
~~~

- 
-

t t t i - n n u , s t e e l  and u rn t t t - u n u - s t e d shock waves  and f u s e d  q u a r t z )  w i t h  kn own 1-lugoniots
it  d i f f e r e n t  s p e c i r n n e - n  t t n n v k r i e - ,-,ses  and d i f -  had been mounted , W i t n  th i s  a r rangement ,

f - r e n t  i n i t i a l  s t resses  The t h i r d  series the bu f f e r s  not onl y reduced the noise on the
,i f shock wa t -s ts  w a s  conduc te d  us ing  gage s igna l  coming from the abrasion of the
high  exp losive ’s to measure  I lugoniots  to f ron t  sur face , but also, used as impedance-
33 , 5 ~~~~~~~ l lugon io t  point s were needed matching  mate r ia l s , al lowed four d i f f e ren t
to e s t i r n e  s t e  t h t - devia tor  c o n t r i b u t i o n  in stresses to be obta ined ona  single shot.
the  model , wh i l e  shock w a v e  p rof i l es  were  In Table 1, the measured Hugoniot
used to check the adequacy of our  model, stress 

~°H~ 
and particle velocity ( U )

F igu re  3(a)  shows the impactor - ta rge t  data as well as the values of the volume
g e - c ~r 1i e t r \ -  used to measu re  Hugoniot  points , and shock velocity (U 5) computed by using
I- ’our  porous spec imens  were  mounted on °H and U in Hugoniot relations are sum-
the f ront  of a p ro jec t i l e  and impacted mar ized  for both the sintered and as-
d i r e c t l y  onto x - c u t  qua r t z  p iezoelectric sprayed materials . In the calculation of
gage assembl ies  on w h i c h  four  d i f f e r en t  U 5 and V for the sintered material, we
buf fe r s  (P~tl MA , tan ta lum , x -cu t  quar tz , used the value of 0 .2 GPa for the  stress

Table 1. Expe r imen ta l  data  and analytical ly fi t ted Hugoniot points for sintered and as-
sprayed porous bery l l ium . U~ = particle velocity, U~ = shock velocity ,

= Hugoniot  s t ress , and V = specific volume .

Experimental  data for  siritered porous Be Analytic fit , Eq. ( l a )
U

p 
U 5 °H V

3 ~ H V
3(cm p5 ) ( c m/p s )  (CPa ) (cm Jg)  (GPa) (cm 

- 
g )

- n 0 .00266 0 5071 a 0 .338 0 6062 a 0.333 0 6059 a

0 .00711  0, 4561 0.678 0 .6004 0 .653 0 .5997
0 .01107 0. 4372 0 .922  0 .5942 0. 918 0 .5939
0 .0 1684 0 ,4186  1.234 0 .5840 1.283 0 .5848
0.03098 0 .40 17 2 . 216 0.5636 2.170 0 .5623
0 .04435  0. 4190 3 . 144 0.5444 3 . 173 0.5448
0 , 05601 0 .4598 4 .350 0.5353 4.342 0 .5349

- 
E x p e r i m e n t a l  data for as-sprayed porous Be Analytic fit , Eq. ( l b )

U s °H V aH
(cm p s i  ( c m  p s )  (GPa) (cm /g)  (GPa) (cm 

- 
g)

0 ,0060 1 0 3050 a 0 .277 0 6171 a 0 .29 1 0 6 1 7 7 a

0 .01005 0 .316 1 0 .525 0.6109 0.504 0 .6101
0.0132 0 , 3230 0 .680 0.6045 0.677 0 .6044
0.0212 0 .3568 1.1 1 0.5896 1.129 0 .5903
0 .0366 0 .3518 2 .06 0 .5651 2 .043 0 .5645
0.0466 0 .3667 2 .69 0.550 1 2 .700 0,5504
0 .0573 0. 3978 3 .62 0.5394 3.618 0.5394

aThe Hugoniot relations are used to obtain these data . For sintered porous Be , we
used a f lugoniot  elastic limit 

~ HEL = 0.2 GPa and UHE ! 1.15 cm ps .
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As shown in 1- ig.  4 ( a )  a r m , )  Table  I , these

0 cL__ ~~~ - n n i - es~. no n s  g ive  a c e u r - e t e  r ep resen ta t ions
of the e x p e r ’ i m en t a l  points .  The devia t ions(B )
between the  e xp e r i m e n t a l  points  and the

Multi- layer miitiple carbon-Koiron values calcula ted f rom E q. ( 1 )  l ie w i t h i nKnown — n-mater ial goges’senscle e eIe~ erct
mpoCrO~ is dark en5~ area ) the e x p e r i m e n t a l  u n c e r t a i n t i e s  ( -- 3°~ in

st ress and ~2° in pa r t i c l e  ve loc i ty ) .

(I~~( ~~~~~~~ 
- 

, Equat ion  ( 1 )  was used to ca lcu lat e  vs V

- 
(Fig.  2) a nd U , vs U (F ig .  4 ( b ) ) ,  These

ic i  ~~~~~~~~~~~~~~~~~~ Porous B.~~ calculat ions are not a f f ec t ed  to a s ign i f i can t
de gree by t h e  c ho i C e  of °H F I  = 0 .2 CPa .

F’ig . 3 Impac to r - t a rge t  geometries used The HE I ,  was measu red  as a funct ion  of
to obtain (a) Hugoniot  points - -

- - ‘ di s tance  of p ropagat ion  and was seen to(b )  t r ansmi t t ed  wave prof i les
taken wi th  quar t z  gages , and decrease f rom about  0 4  GPa at 0.1 cm to
(c ) wave profi les  taken wi th  in-  - -~ ‘ -

mater ia l  gages , abo u t 0 . 2-0 ( e P a  fo r  d i s tances  greater
than 0. 3 cm . V i g u i ~e 4 (b )  also shows

~~H E L~ 
at the  Hugoniot elastic l imi t  wi th  th e or i ’t ic a l  long i t u d i n a l  sound speeds that

a ve loc i ty  of 1.15 c m/p s  de te rmined  from were ca lcu la ted  u s i n g  E q. ( I b )  and the
the ul t rasonic  measurement ,  The a H~

Vs_ bulk modu l i  of the porous  b e r y l l i u m  speci-
U~ data were f i t ted wit h the pol ynomials  mens  given in Sec . 4.
in U p (cm p s) given below : Among several inipac tor - ta rge t  geom-

etries u s c - n i  in the  second pl a t e - i m p a c t
Sintered Be t n -st  s e r ies , we shal l  concern  ourse lves

wi th  onl y two types here . In t he  f i r s t
(GPa) = 0 .1284 + 79 .2U - 874U 2 geometry,  the gage wi th  i ts  x - c u t  qu o-I :

buf fe r  was p laced on the back s u r f a c e  of
-~ 1 .434 X 10 4 1’

p
3

c the  bery l l ium target and the t r a n s m it t e d
compress ive  wave p ro f i l e  was measured

0. 3 ~
‘ 4 . 5G Pa . ( I a )  (Fig .  3 ( b i )  In the second g eomet ry , the

— t _i 
—
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/ ,/ - 
0.6 - /
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- 

0,4

0.5 ~~~~~~~~ 
1.999 .10~ U~

4 — — — 

-

0 0.01 0.02 0.03 0.04 0.05 0.06 0.2~ 0,01 0.02 0.03 0.0 4 0.05 0.06
ii (cm/)ssec)

P U (cm/ see)
( °)  (b)

Fig. 4. (a) I lugoniot  nj 1-vs~~U~ points  (solid dots and t r iangles)  for porous bery llium
and the i r  anal y t ica l  representa t ions ;  (b ) compaction speeds vs U~ obtained
from Ilugoniot  r e l a t i on s , and in i t i a l  release wave velocities calculated using
Eqs . (4 ) , ( 10 ) , and bulk  and shear modul i  f rom ultrasonic measurements .

one used for most of the  wave p ro f i l e s  other gages du r ing  the t imes of interest.

reported here , carbon-K apton  
- 

p iez.o- This was accomplished by machining slots

res i s t ive  “ in -mate r i a l ” gages were  into the surfaces of each of the bery llium
positioned behind var ious th icknesses  of disks into which the- gages were epoxied .
specimen material  ( in  effect , were  at Thus each gage at the rear of the stack
various depths in the material) , as shown received a wave transmitted only through
in Fig. 3(c) .  The gages , about 100 pm a series of thin (�5 p m)  epoxy glue lines.
th i ck , were located so that the wave dis- This procedure dif fers  from other tech-
turbance  at one gage could not reach niques where  the surface is not slotted

and gage s at level 3, for instance, receive

____________ waves passing throug h nonnegligible dis-
- DuPont t rade name . Reference to a continuit ies  at levels 2 and 3 . Computer

company or prodt ict  name does not imply
approval or r ecommenda t ion  of the calculations showed that the 5-pm epoxy
product  by the U n i v e r s i t y  of Ca l i fo rn ia  layers used to glue the gages onto the
or the  1’ . .5. A t o m i c  Energy Commiss ion - -- - target plates were th in  enoug h to ignoreto the exc lus ion  at others that may be
su i tab le , in f u t u r e  calculations.
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1 h~’ l i s t -  ‘ i t  t i n - i t ~ — t i n . i N - r ’ i . t l  ~/ iges  is  ~~ lI r ’ - i t t a , ~ - f e r m i - u t  of the gage was fldj e co r—
ok- , , it - us , s ini i- they in ’ - i s u r e  in  ~ i tu  r ’ &- n -i e  fo r  in the data ana lys i s . In all but
- ( i - - - — p r o f i l e s  w i t l i ut  th e l i — t i ,  i t  L o u  a -w ‘ i f  t h e -  shots , howeve r , t ) s e -  addi t ional
c a u s e - i l by t t n c  r i m  c ) o i ’  1 i s c - o f l t i a u  i t  i- c - r ’ i s e t in mi-  w , c s les~ t h a n  20 ns and can be
— - i n t ’ l  by s ‘‘ r - - . ir  so r t i e - ’’ s g e -  ‘ c i  a i p n o r ’ ’ - l .

f ree ’  - - s r  su r f a c e- . Such  t e c h n i q u ’- s  can ‘FIre -  second d i f f i c u l t y  wa s  part ly re-
re f l ec t large (- 010)1 i . ’ - .~ ~ i - - ‘ c i  ! , l e , i s e  n iov ’ d 0 app l y i n g  a t h i n  coat ( -  2 p m)  of
wa ~-es a h R - h  a t  fee t t he  r i - m a  i n n  1- - i -  of  t he ’ i r z s p e - n l a n c e ’ — n i a t -h i ng  epoxy  to the  impact
w eve in the -etnip le .  i n - r m i a t c - n - i a l  gages , s u r l . v c e  to make a f l a t t e r  and smoother
) i o a - e \  , pr’e~~e- n t  t h e i r ’  ,w n  c l a ss  of ,~u r’t ice . ~~c - v c - i - t h i - l e s s , the ve loc i t i e s
p r o b l e m s , s o n n i -  of w h i c h  - e m ’ ,- c ? i s -us ~~ed c a l c u l a t c - d  i r s  0: t I n e  c- st sig n a l  ar r iva l

in Ref .  18 . Inc lu d ed  ( fo r  the  carbon gage)  t imes  m e a s u r e d  at d i f f e r -n t gage stations
a re  non l inea r  response , r e sponse  t ime of w e - r e  s l ig htly i r r e g u l a r . To make a
approx ima te ly  0.1 ps w h i c h  increases  at meaning ful  comparison between the exper-

.-t r’e.s ,se.s l ess tha n 0 . 5 (41 ’a , and the l ike l i -  iments  and the theoret ical  c a lcula t ions ,

hood of a p r e v i o u s l y  unrecorded  p henom- the exp e r imen ta l  wave prof i les  were

enon of a change in p i ezo res ist i ve  coef-  adjusted to conform to an average velocity.

f i c i en t  when the gages are used in porous For the  sin tered mater ia l s , the experi-

mate r i a l s  w hic h su bject the gage to micro-  mental  a r r iva l  t imes  of the precursor

s t r e t ch ing .  A pp lication of in -mater ia l  were read jus ted  by f i x i n g  0 .62 cm ps as

gages in porous samp les is a relat ively the veloci t y at 0. 2 GPa for all measured
new concept . Those in teres ted  in f u r t h e r  wave prof i les  except for the two th ickest
details  should consult  Re f s . :i and 18. specimens where  the waves were  atten-

The gages measured wave profi les  in uated below 0.2 CPa (in wh ich  case the
the: form of vol tage- t ime oscil lograms, ar r iva l  t imes were  obtained using
which  were  la ter  conver ted to s t ress- t ime 1.15 c m ps , the u l t r ason ic  velocity, as

h i s t o r i c - s us ing  a vo l t age-s t ress  calibra- the velocity at the foot of the  wave f ron t s) .
tion procedure . The accuracy of the  wave The value of 0 .62 cm ps was chosen by
profi les  measured  using in-material  gages observing that the precursor  front  main-

was a f fec ted  by the fol lowing sources: tairied a reasonably constant spreading as
( i )  possible t i l t ing  of an impactor relat ive the precurso r’ traversed the material .
to the target  at the t ime of impact , The “toe ” of the precursor was  assumed
( i i )  nonp lanarity (hil ls  and valleys) of the to travel at longitudinal sound speed ,
impact  su r face  of the porous specimens, 1.15 cm ps . Since the toe was not easy

and ( i i i )  local inhomogeneities through to observe on all wave prof i les , the

which  the waves propagated . stress assumed to have a constant velocity

Most of the wave arrival t ime errors was 0 .2 GPa , slightly below the Hugoniot

o r ig ina t ing  fro m the t i l t  were corrected elastic l imi t  of the mater ia l .  Other

by u s i n g  coaxial shorting pins to measure  stresses and the i r  corresponding veloc-

the degree of impactor  t i l t .  The increase ities were tested and gave approximately

in apparent  wave r i se t ime from the ti l t  the same arrival  t imes for the wave

of th e  shock wave as it passed over the prof i les .
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I - o r  the m i s — s p r a y e d r t n : i t e . r i a l s , where  ve loc i ty  c r i t er ion  r e su l t ed  in t i m e  s h i f t s
no w e l l - d e f in e d  e la st i c  wave  was  detected , of less than 0.00 ps , excep t  lo t -  t h e -  t h k k c - ~~t
a s imi l a r  procedure gave less sa t i s fac to t ’ \  ( 1 .0 - c m)  spe cimen s , for w h i c h  the t i m e
resul ts . In th is  case , we calcula ted U s h i ft s  we ’r e- eo r i , s i d e ’r - a b l v  l a rg e r . V e
from the Hugoniot relations and Eq . ( i b ) .  noted , howe ver , tha t  the wave p r o f i l e - s  at
It was in t u r n  used as the compaction wave  th i s  t h i ckne ss  ind ica ted  r a re fac t ions  fr om
veloc ity at the mid point of the peak strc-ss  the specimen edges had a f f e c t e d  the w a v e
level in the measured  wave prof i les . In f o r m s  to an ex ten t  that made the t i m e
general , the read justment  to the constant-  a d j u s t men t  of que s t ionable  va lue .

- 
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3. Descri ption of th e Porous Constitutive Model

Our ’ model is based o r’i M ol t  i t  al , ’s I- ig.  5 ( a ) , )  ‘F b i - , is a p h y s i c a l l y  reasonable
l’ —~~— model wh ich  is in t u r n  a i m e t e ’ — ~ir’ c e d u r e~, s ore e’ the ’ p ressure  is the  force
depen d ent  m o e l i f i ca t i o n  of lh- i ’ r-mann ’s pe r un i t  c r o s s — s e c t i o n a l  ar ea , and since
model . The new f e a t u r e s  in our model the cr o s s - s e c t i o na l  area for  the porous
are :  ( i f  i n c l u s i o n  of dev i a to r i c  s t r e s s’ s, mate r ia l  is larger  by a factor ~~~.

( i i )  el  I ow a  nee for  pa r t  i mel  r e o p e n i ng  of the

pores upon unloading,  ( i i i )  use of an im-
proved express ion  for the  static compact ion

\ \ S S 
~~~ A~ B C in pca, ,-c ood.ng

dependent  relaxat ion t ime  for pore c losure .  
- -

~~ 
pam t o, oi-s~~oye~ ~•

C w e A’ B C is i’an’ic iO odc nç
pot5 for se nter nd Be

3 .1 F IRST CONSTITUT EVE ~~~~~~~~~~~~~~~ 
~~~~~ A A. BE -~~~~ ~~~~~~~~~~~~

f unc t ion , and ( iv )  use of a porosity — [ I \ s t a t i c  p~~t t

RELATION : EOS OF
POROUS MATERIALS

Two relations are used in the formu-  
~~ 

~~~~~~~
lation of the const i tut ive model. The f i rs t  $01

hydrostat
relation is an equation which relates the 

\ \  \ ~~~~~~~~~~~~~~~~pressure  (P) , volume (V) , and energy (E )  c B i~ ~2
Volume

of a porous material  to the equation of (a)
state (EOS) of the corresponding fully \ \~ .1 o~~ otcompacted solid (hereafter  denoted simp ly
as “solid ” for brevi ty) .  The porosity
parameter a’ is defined by th is  relation:

Dynaeic pa th of ontered Be

‘w’.— Impact ~urf ,ceP ( V , E)  -~- P ( V  a , E ) , E E (2a )  ~0 5 5 5’ _______

* Transm itted wave
,
‘

< 0us ~~~~~~~~~~~~~~~~~~~~~“ k ,which can be rewri t ten  in an alternate but hy dr os ta t hyd ros t ,t ‘,~~

equivalent  form , 
‘

~

‘

~ S~ -

a’ r V V = P ‘P , E = E (2b ) V olu m e
5 s’ s’ fbI

where  the subscr ip t s refers  to the solid Fi g. 5. (a)  Schematic diagram showing
mater ia l , porous and solid hy drostats.

Loading and unloading paths forThe f i rs t  equal i ty in Eq. (2b ) states that a porous mater ial  are also m di -
the porosity parameter  a is the ratio of cated . (b ) Dynamic paths of a

sintered porous sample arethe porous volume to the solid volume, schematically shown. Note that
The second equality in Eq. (2b ) states that these paths are not unique , and

that wave profi les  measured  atin t ak ing  the volume ratio the porous points close to the irnpactor-
volume should be calcula ted at the porous target in ter face  should c,ontain

more pronounced t ime-dependentpressure  P which  is smaller than P by effects  than those obtained fromS
a factor ~~~~~~~~ (See point s C’ and C” in a t ransmit ted  wave experiment .

-13-
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3 . 2 Si - ( ( )N I )  C O NS TI TIJ T I V E  th a n  ‘ i f  t h e -  1’ — V pa th  the  spec imen  i s  more ’
Rl’: LA’l ’loN : EQU AT I ON FOR -

T I l E  POROSITY I ’ A RA M I : T E R  e a s i l ’, eo m p i - e - s — ~-d l’hc i m p l i c a t i o n  of a
fle - g a l  i c e -  C u t ’vatu  re met po in t  A ’ for ’ wave ’

The second re la t ion  is an equa t ion  p ro f i l e  r i n e ’ a .~u r en ient s  is tha t  such  curva-
w h i c h  descr ibes  a path  for c’ dur ing  a tu re  in t r o d u c e s  a p re cu r ’ sc er  wave  w h i c h
t i m e — d e p e .’ndent de format ion  ) ) i o ( ess . prec e des the m a i n  shock w a v e  associa t ed
Using  the ’ porous bery l l i u m  hyel rostats in w i t h  the - p l a s t i c  pa th . In acco r da nce w it h
l”i g. 2 es a guide ’ , one can d i s t i ng u i s h  the s t a t i c  e - xp e ’r i n i en t s , un load ing  f rom
essen t i a l l y two d i f f e r en t  types of paths and re loading back to the plas t ic  path
that cv mus t  fol low , namely  p la s t i c -  and (A

1 A’ , H ’ —  13’ , and C C’ in
elas t i c  paths . The t e r m s  p las t ic  and Fig.  5 ( a ) ) , as wel l  as tensi le  loading
elast ic  used here refer  to the i r r evers ib le  (P < 0) , mer e -  a ssumed to follow elastic
and reversible  port ions of the pressure ’ - paths .
volume paths under  hy drot l y n a m i c  (or For  as-sprayed porous be ry l l ium , the
hydrosta t ic)  d e f o r m a t i o n . The i r rever -  i r regular ly shaped pores and cracks
sible behavior  of the P - V  path is charac-  present are more easily deformed (thus
t e r i s t i c  of a porous mater ia l  and is more easily closed) than the more
as socia t e d wi th  a microscopic plastic spher ical l y shaped pores in the sintered
flow of  m a t e r i a l  ad jace nt to the par e ’ s, mater ia l  (with which  elast ic  deformation
whe re local stress concent ra t ion  is very is associated) .  Therefore, plas t ic  loading
large . It must  be d i s t ingu i shed  f rom an in the as-sprayed beryl l ium is assumed
addi t ional  e l a s t i c -p l a s t i c  effect , a r i s ing  to start essentially at zero pressure, i.e .,
f rom a macroscopic  shear stress and from point A 2 in Fig. 5(a).  Such a P-V
subsequent  y ie ld  behav ior , w h i c h  is taken path will produce a wave p ro f i l e  wi thout
into account  as the devia tor ic  stresses a precursor . Aside f rom this d i f fe rence ,
and is c o n s i d e r e d  la ter .  F igure  5(a) i l lus -  deformat ion cha rac t e r i s t i c s  of the  as-
t r , i t e v s the e las t ic  and plast ic  paths unde r  sprayed spec imen  are taken to be qual i-
hydrostat ic  deformat ion . tativel y s imilar  to those of the s in tered

For sintered bery l l i u m , loading follows specimen , al though the parameters  in the
in i t ia l l y along an elastic path (A

1A ’) until  model are qui te  d i f fe ren t  f rom each other,
pressure  reaches the “yield pressure ”

where the microscop ic plast ic flow
process begins to dominate over the local 3.2 .1 Plastic Path
elastic s t rain con t r ibu t ion  to P . We Dur ing  dynamic  loading processes such
assume that t h i s  path is revers ible  upo n as those shown in Fig. 5(b ) , where  the
un load ing  and is cha rac t e r i zed  by a rela- pressure  and volume of porous mater ia ls
tively small compressibi l i ty  on account of lie above the static compaction path in
a large number  of more sp her ica l  (hence Fig. 5(a) (curves  ~ 2~~~~IçI and A ’B ’C’  for
s t ronger)  pore s present  in the s in tered as-sprayed and s intered bery l l ium , re-
specimen . I3eyond point A’ , the deforma-  spectively) , and a is still decreasing wi th
tion fol lows a plast ic  path (,V }3’C’) , which t ime , we a s sume  the porous mater ia ls
is mostl y i r revers ib le . Along t h i s  por- follow a plastic path . Along th is  path we

_ _ _ _ _ _ _ _ _ _ _  

- ~~~~~
- -

~~~~~~~~~~~~~~~~ --~~~~~~~~~~~-



‘—‘~~
.
~~~~~~~ — ~~~~~~~~~~~~~~~~~~~ 

- 
~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~

u s e  t h e  i ’ t i ’ -  - I e - p e ’ r i c l e ’ i i t  poi’e — c l o - n u r - e  i d a —  w l i  i ch  i . s s m al l  I conipured to the v i scous
l iOfi  s i t  I ( e d t et m e l ., 

R 
cc t nt  r ib e i t  ion do dt , W ;cs neglec te d ,

~ g ( l ’ )  — d~ it  ~~~ 
LC(l i  i t  l o l l  E ’) d e s c r i b e - s  an a p p r - ’ c e e -h  of the
l y re ,  i n i i c p r e s s u r e -  I’(a , t )  to the  s ta tic

The p a r am e ter  — is a t ime constant  va lue ’  I’
~~~~ 

( c v ) , where  cv is an independ-
5les c r t b i n g  the ’ r’ It  e of p 1 e s t i c  f low of ont  ‘, a  r i m e b i  - , w h i l e -  Eq . ( 3)  d e s c r ib e s  an
m a t e r i a l  in t o  pores , w h i c h  reduces  c’ to a~ , p r c c a e - h  i i f t b -  dynamic -  a( I’, t ) to the
- e  n - e l  , e v e - r i ~~ r -  e q u i l i b r i u m  v a l u e - g i ven  s ta t i c  value g(P ) , us ing 1’ as an m d c—
o t d ’h ’  s ta t i c  e’ e t n i p z l e - t ion  f u n c - t  i c c n  g( P1. p en den t  v ar i ab l e . Since  the  two  exp re s—

3” d et e r min e  g( I ’) , We ’  e l i m i n a t e ’  \ in sions represent  the  same re laxa t ion
I s ) .  ( 2 )  b~- u s i ng  hydros ta t i c  I’— \ ‘ d a t a  f o r  p r o ce s s , the t i m e  constants  7 and 7~ w i l l
po ro us s p e c i r r i c i r s  and s i m i l a r  P - V  data l ike l y be’ equal  or d i f f e r  at most by a
f ’ c i -  ~i i l r d  b e r v f l i u n i , 1 ‘ The r e s u l t i n g  data , mu l t i p l i ca t ive  constant . A s s u m i ng  that
I’ end ~ ( I’ ) , c - me n b e m ~c cu r a t e l y  repres e nte d th is  is t rue , and rep lacing the ’ viscosity q
by the f o l l o w i n g  e ’x p r ’ e — c s i o n :  in Eq. (5) in terms of a0 and ‘r 0 

( -  7 at a0
) ,

g ( l ’ ~ cv~ ‘ cnv ~~ - o )  ex p ( a l °  + bP 2 + ~~~~~~ 
we obtain the fo l lowing  a -dependent  ~:

= 

~o a0 
(a

0 
- a )/ f a ( a  - a ) ) .  ( 6 )

w l i r -r c  00 is the  i n i t i a l  porosi ty and a is
in t r o d u ce -c l  t i c  a ccoun t  r or  some res idual  Again , a~ is used in place of unity to
porosity tha t  appears to pe r s i s t  under account for the observed behavior of a at
e x t r e m e l y  h igh  pr’ e s s u r e s .7 ’ 18 The con- hig h pressures .
s t i n t s  a , b , and c , i r ’ e- obtained by f i t t i ng  Equation (6 ) gives a value for 7 which
the ‘be ta by -e l a s t - s q u a r e s  method . Other is equal to ‘t~~~ at the foot (P = 0) of the

i t l i e ’ r i i . i t i c ’ i l  r e - p r e s e n t a t i o n s  used compressive wave f ront , but w h i c h  becomes
e - cr l i e - r ,8” name l y polynomials  in P, did larger at higher  stress levels.  13y
not represent  th e  e x p e r im e n t a l  ua~a as choosing i’~~ small  enough we can obtain
well  Is Eq. (4)  doe s. It is pe rhap h -  im-  calculated wave profi les for as-sprayed

i ’t ’ t  en t  t i c  note that  E q. (4 )  is der ived  beryl l ium similar to those observed in
f ro m the hyclro st at ic data; yet , as we plate impact tests , namely a steeply in-
s b - i l l  se -c -  l a te r , it plays a major role in creasing portion at the foot which  may
reproducing  dynamic  data such as wave become ramped (depending on P) at the
pro f i l e s , peak stress level. It should be noted that ,

There is a close s imi lar i ty  between for  physically reasonable sys tems, al-
Eq. (3) and another ra te -dependent  relation though 7 becomes large at high pressures,
der ived  f rom a sp herical  model calculation 7 da/dt  in Eq. (3) a lways approaches ic - r u ,
for an elastic-viscoplastic material by
Elolt et al. 13 ; i .e., 3.2. 2 Elastic Path

P P - (a) - 7 ’ do’ ‘dt If the conditions for the plastic loading
stat ic  path are not satisfied , the porous mate r ia l

4ri ‘)3a(a - 1 ) ) .  ~~ is assumed to follow an elast ic path , where
In d e r i v i n g  I-P ( . (5) , the inertial  term , the pores respond instantaneousl y wi thout

- 15-
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any t ime  d elay . A s s u m p t i o n  of t h e  t ime-  1-or t h i s  purpose , Mackenz ie ’ s e ’xpr ’ e -s -

i ndepen dent  e las t ic  path has been chee -ked sions 1° fo t’ K and ( , nan ie l y
to be near ly  correct  in the case- of a hol low
sp h er e -  in an a l u m i n u m  m a t r i x . ’° 3 1 0 - I )  -

- - 
I N ~, l~ - ‘ 

-______ ‘ O) (c ’  - l)~~] ,  ( 9a)
I’o oh tain  an equat ion for a along an -

e ’ lme s t i c path we f i r s t  express  the porous
5G (K 4U I -and so l id  EQS’s in incrementa l  fo r’rn . c - c — ~~ S t’ -

5 91< ‘f RG cv
That is , us ing  A to denote the d i f f e r e n c e
in P (and in F5

) at  two S u c c e s s i ve  t i m e  + O)ha — 1) 2 1, (9b )
st e -p s  (d i f f e r e n c i n g  as use d in a n u m e r i c - a l
hydrod y n a m i c  code) , we have for a l inear  elast ic  m e d i u m  containing

noninteract ing sp her ica l  pores are
K(Ap I p) , (7a )  r ewr i t t en ;  i . e .,

K (Ap / p  ) , ( 7b)
S ‘ S I / K  = (a / K )t + ( l / K o )( 1 - t) , ( lO a )

where K and K~ are the bulk moduli  of
the porous and solid mater ials, re spec- G (1 G5 )t ‘4 ( 1 G0

)( l  -

t ively. The densi ty p in Eq. (7 a)  is t (a 0 - ~) ‘(a
0 

- az ), ( l O b )
e l iminated by us ing  Eqs . (2a ) and (7b) .

Uter lengthy algebraic mani pulat ion , we where the subscri pt 0 refers  to the initial
obtain an expression for the rate of change porous state. These expressions , which
of a with  P along the elastic path; i.e., were f i r s t  introduced by Seaman 1 I (wi th

= 1) , are obtained directly by elimi-
d a - d P  = a (K K - a) (aP - K s) . ( 8)  nating G5 in Eq. (9a) in terms of Ko and

a0, and K~ in Eq. (9b) in terms of G0
En a numer ica l  hydrod ynamic  code , the and a0. The factor ( 1 - t) in Eq . ( l O b )  is
use of an incremental expression such as actuall y ( 1 - t)a 0 a which  is approximated
Eq. (8) rather  than a specif ic  form for a to ( I  - t) + O) (a - 1) 2 1 .
is preferred . That is , du r ing  the init ial  The use of Eq . (1 0 )  ra ther  than
compaction, a switches from the elastic Mackenzie ’s an gina’! expressions (Eq . ( 9) )

o’e given by a numer ica l  integrat ion of is clearl y prefer red , s ince Eq. ( 10) is
Eq. (8) to the plastic a given by solving designed to reproduce the correct moduli
-Eq. (3) whenever ar

e 
exceeds a~ . No at two l imit ing values of a , namely a0

addit ional parameter, such as the pres- and a~,,. The straig ht forward  use of
sure at the elastic l imit  (point A’ in Mackenzie ’s expressions , Eq. (9 ) , which
Fig. 5(a)) , is needed . Also , since Eq. (8) are correct to O((a - 1) 2 ) for K and
does not require K and K~ to be linearly O(a - 1) for G, will  yield poor resul ts  for
elastic , any desired forms for K and K~ a mater ia l  with a large porosity as well
can be inserted whenever necessary. as for materials  such as as-sprayed

Next , the bulk modulus  K required in bery ll ium whose initial  modu l i  1<o and G0
Eq. (8) and the shear modulus  G requi red  are greatly d i f fe rent  f rom K~ and
in the deviatoric  stress must be specified , respectively .
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- . 3 111 1 1) I H l . . ~ .S the ’ s c c i i s i  i , m e t r - i i - e l s . In practice , suc h a
5 1 1 c C  , d i l ,  I u m c ~ not b ee n s u c ce s s f u l l y

I c  u - eo l m p l c ’ t e  t h e -  t o r r c m u -  u~~m ’ i i c  t b ’  u b ’ v i a —  ip p l l e sd b -y, ,ncj 1 ( ;Pa , n c m .u n lv  fj c - cau ~~e-
t e d  i c , s t i ’e - s ~ s n n m - ,t be sp, -c u i - h , l i d - l u , t he  I - I  s t i - a in  e xp e r i m e n t  f re im which
t h e ’  c x  n i l  S t i e  a (a! u , r i ~~ d i  l i - u t  t e e n  1)  in  ob ta i ned i - ’  ~u i r e - s  me sop hist icated t e d - h —
u I — U ~ t i . e  i n  clef u r n i a t ion  is  gi v t - n  b n i qu e  of a~ip l v i n ~c bo th  c on f in in g  s tr c- s s

— 

~~~
l ’  i ’  cr111 - i x  i al  S t  l i - S S  end is d i f f i c u l t  to per form

ci h i g h e r  st r - e- .s se-s . ‘J h er e f o r e , at p r e s —

~~h c r e  
- U  d e S  gre . it ’  - r than the exper imental  limit

= 4 E In (  \ V ) , if s~ ~ — V . ( 1 2 a )  s i t  ou r  - i t a t i i . I — I )  s t r a i n  app a r a t u s  (~ 1 GPa)
- 

the I lug orc iot  - r t r - e ,’ss (O f { ) r a the r  than 0 1
w c ~ used t ’ -m i l c u l a t e  V. In the  case of

= r4 V e t h e - r w i s e -  (+  t’ or load ing  and ~es - sp r m1y ed l  b e - re l l i um  the data on 0 1 and

~~~ agree nu - - u r l y  p e r f e c t l y to I G1”a , t h u s
- for unl oading) .  ( l 2 b )  p rov i d ing  afi exp er imenta l  support  for

u s in g  ~~ in p lace of a~ m i t  h i gher  stresses.
The shear  modulus  G in Eq. ( 12a) is \ te  note that th~ yield strength obtained in

ca lcu la ted  from Eq. ( l O b ) .  V may be th is  manner  c -x ceed s  the va lue  (~~0 .2 GPa)
c a l c u lat e d  f rom V = 0 1 

- P if exper i -  cor responding  to solid be ry l l ium at some
menta l  data are avai lable  for P and 0 l~ pa r t i a l l y compacted  vo lumes , Such a
The d m e t a  can be fotted by a functional phenomenon would seem to be entirely
form such  as pos sible , since the  y i e l d  stress can in-

2 crease th rough  both the work hardening of
I = Max V V + 1 ], ( 13 )  

- - - - -0 1 2 3 the mat r ix  ma te r i a l  and the densi fi ca t ion
where ln( \’ -’V 0

) and small elastic dur ing  defor ’mat ion.  At some region of
s t ra in  is neglected . We use ln (V  V 0

) for p a r t i a l  compaction , therefore , the la t ter
o rather than the equiva lent  plastic strain could give a dominant  con t r ibu t ion  to I as
i n v a r i a n t  

~
, w h i c h  is u sua l l y  used in cal- would seem to be the  case here.

culatiote of I for  solid materials. In The corresponding comparison for
most  e l a s t i c - plast ic t h e o r i e s  of solids , sintered bery l l ium gives an apparent l y
o is assum ed to be a nondecreasing incons i s ten t  resul t .  The comparison
funct ion of the  s t rain history, and the  shows that  l i e s  above wi th  the
resul t ing I becomes also a nondecreasing deviat ion becoming larger  at h igher
func t ion  of c~~, which is contrary to the s t ra ins . At ( V 0 - V I  V~ = 0 .04 , for
cyclic loading and unloading data of examp le , a ll is about 1. 2 G Pa w h i l e  0 1 is
Schock et al .5 ment ioned in Sec . 2 .2 . about 0. 9 GPa . This  d i sagreement  is dif-

Apart from the parameter 
~~

, the f icul t  to explain at present . The correc-
f o r m u l a t i o n  d iscussed above requi res  tiori s to 0 1 or from the thermal  con-

onl y static compression data and u l t ra-  tr ibu t ions  are too small to exp la in  the
sonic data at P = 0 to be measured in the d i f f e rences .  Also a possible rate -
porous mater ia l , and all other parameters  dependent  correction to s tress f rom
can be de t er min ~ d from the proper t ies  of viscous damp ing is a non-steady-state

-17-
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c r ’ o(’ e S s  w h i c h  would  m i f f e .-c t  onl y the shape cant here . Nu n c e - i ’ s c u ~ a t t e m pt s  Wer e
sf the ~~) ic  i c ’ k  fr o n t , not the  amp l i tude , 2 1 made to reconc ile the y i e 1 h  b e h a v i o r - s  as

ih e  E lu go n i u t  s t r e s s e s  wer e-  taken wel l  measu red  in the d i f f e r e n t  e xp e r i m e n t s .
behi nd the sb oyk  fr ont and wou ld , the re -  In the end , the  p r agma t i c  v i e w was  taken
for ’e , not be a f f ec t ed  to a s i g n i f i c a n t  that the more sop h i st i ca t ed  fo rms  of th e-
e - X t & - r c t  by the r a t e-dependen t  process . y ield , when p laced in the hydrocode , d id

F u r t h e r  c ’xper im enta l  and theore t i ca l  not produce s ign i f i c an t  d i f f e r e n c e s  in the
e ffeo’t w o u l d  s e - c - I l l  to be u s e f u l  to c l a r i f y predicted wave  p r o f i l e s  inves t iga ted  here .
t h i s  s i t u a t i o n .  At low stress l e v e l s  (~~0. 3 GPa) , however ,

Ihiving no clear preference  of one a re f ined  model may be needed in the
choice ’ of I over another for sintered f u t u r e  to account for the anisotropic effect
bery l l ium , we made two separate calcu-  exp l ic i t l y.
lat ions on wave propagation to test the For the second calculation , Y was ob-
form of I . For the f i r s t  calculat ion , I ta m ed from 1.5 (a

ll + P1, i .e ., Eqs. ( 1 1 )-
was taken to be constant (0 .1 GPa) . This ( 12 ) , us ing  the data on and P. The
choice was based on the assumpt ion  that resul t ing numerical  values of I were
overal l  d i f f e rences  in the hydrostat and fit ted by a polynomial form of Eq. (13) .

which  follow each other very closely A test calculat ion was carried out using
to the h ighes t  s tress level achieved in the shot geometry identical to shot BU -B (see
static I -D strain exper iment  (— 1 GPa) , Fig. 8(d) in the next section).  The result
can be approximatel y represented by showed that the constant I method gen-
us ing  the constant yield s t rength ( — 0 .1 GPa), erally gave much  better agreement with

Actual ly  the static d ata in the region experiment than Y obtained from a fit  to
of compaction near  the yield point present the a11-P data , In the latter case , the
me more comp lex p ic ture  than the  constant compressive wave front had a faster r ise-
I a s s u m p t i o n  used here , since second t ime and was t ravel ing so fast that  the
order e f fec t s  (e . g.,  mater ial  anisot-  experimentally observed attenuation did

ropy ) which are know n to exist in porous not take p lace in the computer  calculat ion .
bery l l i u m  but wh ich  were  ignored in our The calculations shown in Sec . 5 were

analysis, become relatively more signifi- made using I = 0.1 ~3Pa .

-18-
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4. Computational Proc edure

Sol u t ions  of Lq~~. ( 3 c )  c o s t  ( 3 )  g i v e  The b m t s i - idea behind tb .  ~~u t i e - ~ i e ’  i s to
U I ) ( -~ I ap p l i c a b l e  to the  p l , i — i  ic  p ith , enclose a desi red so lu t ion  by a t w o —
w h i l e  l - q s .  (Pa  m e nd ( 8 )  g ive  the  e l a s t i c -  d im -nsiona l  ‘‘bc,x ‘‘ wi th  its s i b ~ t ’ - n 1t th
s o l u t i o n s  cv . Sini -  e both  p a i r s  of e q u a t i o n s  a ’’ — a ’ (- ~0 ) and P’ ‘ — 1’’ 1 ‘0 t , i~ i e l  to

c d - c h i g h ly  comp le- x , we solve them i te r -  r educe  the  s ize  of the  box (ho l d i ig  the
.i t i v e l y  in t h r  hy d r o dy n m e n i i c  code KU , 15 so lu t i on )  in each i terat ive cyc le  unt i l  t I e -

I t e r a t i v e  scheme-s for both c ’m eseS arc’ solution has converged wi th in  a des i red
similar’ , however , so a single scheme accuracy. Specifically, this is done as,,
w - c s  adopted t u c  take i-are  of both cases.~~ follows:

We introduce a function F’ (P),

- (1) Init ial box size:
a
e. if a

e 
a
g~ 

or a~ a’ = Min[a~~, ~(FF~~~~)],
o r P ~ T 0 , ( l 4 a) 

-a ” = Max {a N, Fa(F P(a N
))J ,

F (P) 1 if a or a < 1 ( 14b )a e p P, Min [P
N
, FP(Fa(P

N
))],

a
~~

, otherw ise, (14c) P” = Max [P’~, Fp(F~ (P N
))] .

where the  superscr i pt N represent s the (2 ) I terative loop:

present  t ime step in a f in i t e -d i f fe rence  ( i )  aA = (a ’ + a ”)/ 2,

scheme used in the code , and ae, a
g~ 

~ A ~~~~‘ ~ P ” )  2,
an d a~ are defined by

( i i )  a -i tera t ion to obtain new a ’ an d a ” :
a + (I ’ - PN )( da/ dp )  a B = Min{o’A, Fa(F P(aA ))] ,

(do d P )  = Eq. (8) at a = aN
, ( l 5 a )  r -

- 
a~~ = Max LaA, F ( o ’A )i

a g( pN~’:~) ~ N # 2 
~P + ~ N 1, 2 , ( 15b) rg = Max 1,a ’, °B

a (a - a~~/2  + a~~7 ~ t ) / ( O . 5 + T/ i ~ t) .  - rP g o’’’ = ~~~~~~~~~ a C
( l 5 c)  

( i i i )  P-i teration to obtain new P’ and P” :That is , Fa (P) is set to ae if ( i) o’e lies 
~~~ [P F (F (P

below the static compaction path a , or B t. A’ P a A

(i i )  the dynamic value a p at the next t ime P~ Max [PA’ Fp(Fa(P A ))] ,
step starts to decrease, or ( i i i )  the zone
under consideration is in tension. P’ = Max [P’, R B]’

We also define the second function rMIn IP” , Pwhich  is Eq . (2a ) eval uated at the I. C

(N 4 l )th t ime step, except that the correct 
‘ -(3) Convergence criterion:

a is yet to be determined;  i .e.,
The convergence test for P’

F~~(a) = ~ Pg (V N 4 1 b a , E N u t ) . ( 16)  � l0 ’
~~ GPa is

- 19-
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P ’ :  < ( 0 0 -, r e ’ ’ ~~i e f l i  u t  5 u u r i i m s l e t & ’  c f l f l l r u - , c ’ l i i e n . ( S i -c

R e t  - 1-4 Hr  f u r t h e r -  d e - t m t i l s j
t h e -  c u u f l ~~ e i - Le e flc - - C j • ~~~ I s u l  j i ~ 10 ( ,Pa  S L i n s r n a r i v c e (  in ‘lable- 2 ar-c t b -  exac t
~~~ n u m er i c a l  v a l u e -s t ha t were  u~~i - r l  in the

a 
~~e °~ 

- - 0 3 )uj 5. w m c v c - — p r o f i l e  u - .e I c e m l a t i u n i ~ for  porous
b e r y l l i u m  A c  o n s t m i n t  — 

~‘, as used for
t i  t he  i~ m - ’ a ci  it ~ ho l ds , c~ e a k c -  ( c v ’ si r ite red  b e r y l l i u m , s m cd- it gave m e s l ig h t l y

cc ’ ’)  3 s O  1’ I I ’  ‘ P ’ ’)  P is  ou r  f i n i l  b e - t t e r  wave- p r o f i l e  th an  t h e -  one ob t a ined

s u e l u t i  u n ~~; s t , e ’ d ’W i sc- , t h e  ; c r ’ c g r am i e t u  m s  f rom Eq.  (U ,  The d i f f e r e n c e  is minor ,
t~ e t n ’  nex t  i t e - i ’ , c t i c e - l u , u c p  h o w e v e r .  The v a l ue s  of K

0 
and a x e

\ u t e ’ t c  t t u m  - - ~u~~c~.’e s d - l i e - d O  e - c u - C  f e c r m s  t h u c s e -  obta ined  f rom u lt r a son ic  m e a s u r e —
esse n t i a l l y  t ’. V c e  .- o m s  em et - : t c r ’ , c t i on s , one m en ts . The express ions  for  g (P )  and V
on a arl dh a n ot b ~- r  c O 1’, r c t h e -r  t h a n  t h e  are app l i cab l e  to p r e s s u r e s  less than

u s u a l  w , c w h i c h  r e l i c - s  In  m e  s i ng l e  i t e r m e - 4 GPa . A pp l ica t ion  of these  f o r m u l a e  to
t io f l  ioop on a , s I n c e P is  th e  d en e n c l e nt  h ig h e r  s t resses  is subjec t  to u n c e r t a i n

va i t i u l e  of a This  p r ’ s - c a u t i o n W a s  fl ’ - C— e r ro r - .
e s s - rv , for  P can c han g e  c -n o r m o u slv  for  C a l c u l a t i o n  of w a v e  propagat ion  a l so

a s l i gh t  change in cc , • - s p e - c - i a l l y  near  the r e q u i r e s  knowledge of accu r at i -  EOS data

Table 2 . N u r i m u - r b  c i  v a l u e s used in the  wave prof i le  calc ulations for porous beryl l ium .

Static compact  ic un  i u n -t ion  i - q .  ( 4 ) )

a = 1. 02 P 4 (;1> a .

Sintered 1~e: a = 0 . 12 1 2  G}’ i)~~ , b = -0. 7 9 9 4  ( G P a) . c = 0 . 1 36 1  (GPa l~~~.

A s - s p r a y e d  Be: a - 0 . 4 8 2 2  (GPa )~~~, b = -0 , 43 55 ( ( Pa( , c = 0j , h 7 5  (GPa) 1
.

Relaxation time for p u u r e -  l o s u r c i

Sintered h-se : — 0. 04 ps (c u n st a n t  ~~) .

A s - sp r a y e d  Be: = 0.006 ps (porosity-dependent from Eq. (6)).

Bulk and shear modul i (Eq s. ( l O a ) ,  ( l o b ) )

K = 122 GRe , G 155 ,6  GRe.
S

Sintered Be: K0 74 G l ’m e , G
0 

108,9 GPa .

A s - s p r a y e d  Be: K 0 = 19 .4 GPa , G0 = 0.

Yield stress (Eq. (13))

Sintered Be: Y 0.1 GPa ,

As-sprayed Be: I ~1mi x (0, -0.21 l5.75 - 54 2), € < 0.146,
= 0.146, 0.146.

-20-

_____________



~~~~~~~~~~~~~~
-

~~~~~~~~~
-:‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~ ~~~~~~~~~~~

I - I i  t h e ’ I r e m  s e c t s  s i , gage - , b u f f e r - , .n-  bac k— gage was g e - r i e - r m i t e ’ d by a least— squares fit

i r i ~~ r i c , . t e o ’ i m e l s  i s  w e l t  mt.s  the ’ I . ( (S c e f  so l id  r u c l c t i n c  t e e  data on a (GPa) vs F 1, (cm ~p s )
l u e ’ r v I l i u ~~ . , - \ r m , j 1y  t i e d e X p  c l - s , s i u u u s -  u s - -c l  ( u ~ 0 .233 85 I~~, 0 .0470 U 1)

2 ) . The data
I C e -p  i - c -  -c e -n t  t h e se’ I d c c t e -  i d  s a i - - 4 1 v - i c  in W , c  — obtained in eper’ate experiments con—
T abl e -  3 The e X p m e ’ s s l c c r i s  f u r  fu se -cl quart z cl ue-t ed in a fused quartz tar~ em t with carbon—

- e r i c  I ‘~ 1 M -\ a r e -  i u b t , ~~ r ie -  I by fittin g Rmerke -r Kapton in-  m aterial gages. 1 H

.in I llollenh ach’s u I i t , c 2 ’
~ with an a c h e l i t i u , r i a l  l- i n al l y ,  we u s e -  t he-  GrOneisen form of

- 1 ;  95
soc  c l i  en er gy - c 1~-p en de n t  c o r rc c c t i c c n , ’ e I-~t’)S for  solid beryllium given in Ref. 27.
T he- c - m i r e -  - s cu u n for x-cut quart z was ob- This expression agrees closely with  a

“6
t u n e - - I  by f i t t i ng  Gr m eham ’s data.  The s imi l a r  expre ssion in Ref.  17 for  a small

G r U n e i c t - n  ‘~ of x - c u t  q u a r t z  is small and E Since the energy-dependent  correction
r is- n u c t  w el l  known . 

- 
There fo re  no energy-  is very s m a l l  for p late i m p a c t  tests , no appar-

dependent  cor rec t ion  w m is  used for  t h i s  ent d i f f e r e n c e  occurs  in our ca lcula t ion  by
m a t e r i a l . The FOS of the  carbon-Kapton u s i n g  e i ther  th is  or the other expression .

Table 3 . Express ions  for  the  equa t i ons  of statc- (E OS) of the carbon- Kapton gage , fused
quar tz , x - c u t  q u a r t z , PMMA , and bery l l ium.  P = p r e s s u r e  (GPa)  and E
= internal energy per original volume (GPa) .

Mate r i a l  EOS (p p - I )  p 50 (g cm 3 )

Carbon-Kapton  P = 4. 31 0 p + 1.904 + 294.3 1. 33

F u s e d  quar tz  P = 77 .56 p - 480 .7 p
P 

+ 3074 p~ + 7 .52 E 2.20 1

X -cut  quar t z  P = 86 . 66 p + 45.87 p
2 

2.65

PMPVIA P = 10.09 p + 6 .272  p
2 

+ 85 E 1.184
2

Beryl l ium = 
118 .4 

~ 
(1 + 0 ,42  p 

2 
p 1 (11 6 + 16 p 1 E 1.85

( 1 — 0.124 p)

- 2 1 -
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5. Comparis on Between Predicted and
Experimental Wave Profiles

- x e - r I m e - n t  c i  v.’ , eC’ c- p r o f i l es  w h c s - i .  w i l l  Tab les  4 and 9 fe , r -  the  Su i t e - r e -s I  and a s —
f e c  c t = e - d  f or  ‘ u l r d I  ( m m c cl i  W e - r e ’ s s H , c  t r e e - c l  c t  sp r ay e - u J  poro u s sp e c i m en ~- . In the c o m p u —
two -~ t i ’  — 5  I c  - C c i  - a p p l e  cx  i m i t a t e - l y 0 . H m e n d  t m t  ie,n t h e -  t h i c kn c - s ,se~ ci t h e  backin g  mate—
I . 7 I - P r -c i t  ~i e s  w e -  r -~ - u b t m e i n c - r l  by m i  — r i a l c— ( w h i c h  we- m e -  p laced beh ind  the  gages
- c c c  d i n g a l ’~i l M A  p 1 c i ’ ’  oflt ce e ’ t t t c c ’ r  s e n t e  r e d  to Car ry  off the  w ave ’  w i thou t  r e f l ec t ion )
c d i ’  a s —  s c  d a v e - - I  p o r o u s  be - c v i i  t u r n  b. c ‘.- m g  m i re  r educed  f rom the o r ig ina l  ( c - x l u e r i  —
cm e r l c s e r m -  L c m c t u s r c  ii I~~ I ’ S  e m b e d d ed  a t  m c s  many mental) thic knesses in some cases
m is s i x  d i f f e r e n t  I e - I t h 5  w i t h i n  the  m e t e - r i a l . (Tables 4 and 5) since th is  saved the
Thus  a s i n g l e -  e c.p e - m i n c e - n t  took data on wave c o m p u t i ng  t ime  wi thou t  a f fec t ing  the cal-

u r ’ o f i le s  ct seve ral d i f f e r e n t  levels . The culated stress histories.
p i g - s  w e - r e -  ioc e t e - d  as dee -p  m is  1. 9 cm f r o m  Measured  and computed  wave p rof i l e s
H- - i m pac t s d m r d . e e , c -  an d  some measur’ement are compared in Figs. 6, 7, and 8 for the
t i m e s c x ~ s ’ r , d e - s i  Up to 4 p s- . The r e su l t i ng  s intered mater ial  and in Figs . 9 , 10 , and
21 w m c v e  p r u u f i l c -s —-- both una t t enua t ed  and 11 for the as-sprayed mater ia l .  Note
e t ti- n uctc-i -— represent larg uc ~-ar i a t i on s  in that abridged notations such -is shot BT-A

the ~ hv~~i c - m e i  p a c - a n c e - t e - r s  and enabled us to and shot BT-B are used here to indicate
- . t e - f l i \ e - I v  r e - s t  t he  u ’ m s e d c l . lm ~xp er im enta l  that the stress prof i les  were  recorded at

p - c r u n , c ’ t s ’ rs t s h c s t  n ames , th i c k ne s s e s  of levels A and B in shot BT . Agreement
1 c m  1 ~ t e ems , t c r u e t s p e c i m e n s , and gages, between the exper imental  wave profi les
measu r e - i  c - - m k t r e s S e s, d u r a t i o n s  of the  and those predicted from the present
n . e m c s u r e m e n ts , c - t C , )  s r -c  s u m m a r i z e d  in model is good both quanti tat ively and

i
~~~~~; e

\’

~~ 

02f
~~~~~~~~~~~~~~~~~~~~ %~~

I ~~~ 
-o.i(---- 

i I I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 ‘1.6

(a) Time (aseec ) (b) Time (usec)

1- ’i g. H . (‘ omputed and m e a s u r e - u i  fu l l  wave p ro f i l e s  for  the s in tered porous Be specimen
at (a )  h igh  and (b ) low s t ress  leve l s . See Table 4 for e - x t e e r i n ’ien ta l  parameters
use d in th e - se  h e c t - c ,

-2 2-

L - .~~~~~~~



~pir~
, — 

~~~~~~~~~~~~~ 
-- 

~~

—-‘---- - - 
~~~~~ ~~~~~~~~~~~~~~~~~~ - - - ~

- — --— --
~

-
~~~~~~~~~~~

- 

~~~~~~~
“

~~~~
‘ -

I

C C

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~— — re  r c  — ri r i  r u  — ri —

C
= 1, 0

C ~ ~ m—
F ±~~~~~-~~~~~ E ~~~~-r rc ur ~~~ r e r-i ro r r s - - :  -

s-I -r — ‘-i -r

~ 
0 0  C — ‘ —~~~~~~~~~~~~~~~~~~ 0 0

F: -
~~

~ mc r’, ~
‘ t— u —  c. -‘ ~- - -~~ - -

fm -,- — .,,,. u ’ — c mc C) C’- .C
C- -d- mc m ’ - Ce ‘v- mc : - ‘ -  r -

2 - -

~ “~, ‘fm ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0
cc -~~ — f m  0

F - _ i  -i_ i -i_i _irm ‘I mf l _ir, ‘J - i_i N N N N O

— r’~~

=

-cc a
a -r

N Ic

-‘-C I C C
JI~~~ Lf) Lt) C) C) IC ci) C) C) e

-- 4.1 - - - ~ 1 *a .~s -,-
fm ~~ ,,,,s . “—‘ - — ~ ‘0 -c—’ -I—’ -~—

— 0 ~~~~~~~~~~~~~~~~~~’~~~” —
S., c- .

F .~~~~~~~~ cci
— Li) s-_i en cc 0

-~~ C CI — — ,-‘ C_i C) C) C) C) C) C)

e_ -
~ c, ~ C) C) 0) C-i — s-_i C) t-. — — ‘ ‘

o -‘ — 0 0 0—  — ‘ 00  r’m~ s-_i r’_i s-_i

- F ‘ -~, -cc O O 0~~~~~~~ 0~~~~~~~ 0 0 ~~~~~~~~~~~~~~~~~~ 0

~~~~ 
C ) C )0 0 C C ) O 0N N ~~~~~~~~~~~ < 

‘ci
~~~~~~

/‘-
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

-
~~ 

a

a ~ - /
a -

-~~ -cm
i_i ~1’ sCI — 0 ) 0 0) 0 0  ~~ N s-_i s-_ i
- Cc C) Li) 0) Ci 0 , — C) s-C er_i i_jr ~

~~~C 0 0  s-_i s-_i Cci C) s-c C) — C) — >
~~~

C 0 0 0— 0 0 0 — 0 0 0 0
I-,

- -  r=c —Cc ~.,Ifl ‘—‘ N IC IC C) C-i C] Ce m c c c  10 C (11
— 0. cc s-_i LI) crC ~~~ 

-c. I ~~ 0 0 ~C S.) Li) s-i LI) If )  cis i I ’m s-u r i  r e  r-, r’- c’ C
0 0 0 00  C) C) C) C) 0 0 0  0

I ,~ C)Cc 0 0 0 00 C C)  C C) C) C O O  ~
ci) e c ~~~~~~

~~ o x ~~ cc’ Li) en LI) 4.-
~ C 10 0 0 ‘1’ ‘1’ ~1’ ‘1’ -

mdi -~ 
~, 

0) 0) s-_ i s-_i ra ri ri s-c LI) er_i Li) en C
C) - -~~ C’-) s-c C”] C’-]

-— 
~ 

It) cr_ i It) Li) • C)
-~~ 

— C) CI) 0 0 00 0 C C )  C) C) C C C )  0 ) . ~, ,Cmd_i - ‘ ‘ ‘ ‘ 0
~~~C) ~~~~~~~~~~~~~ 0 C ) C ) O 5

E=~~
C) -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~tiC

4.- u_i
- . C)
C

—~ ~~ e I t e e I I e I

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C

C) .C ‘~~ -I.’
— Ci) 

0 — s-_i ~~‘ it) 10 N 0) C) C) — C’-)

- 23 -

L.~ 
r_~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~ - -



—-c. -----a~ 
—.-.---- “- 

~~~~~~~~~~~~~~~~~~~ _ _ _ __ ‘ ~~~~- z ~~- _ 
~

-

‘C s

N
• ~~~~~~~~~~~ 

N I — It) ’-. it) 0) mc — mc s- c cI ’_ i 0 ) 1 0
mc ~~-O~~~~~~ -~~~~~~ Q — C i s-i s- - s - i N s - _ i

C
0

— Cc C
0) ~~ fm C
en -i, ,-- -’

en mc en = C O N  en o en er_i it_ i
‘ ‘  C) ~~~~~~~~~ mc ‘-r — -r “1’ -m’ “s’ mc s-i C-] -r cc’ cc’

s-
-7 i - -- C

Ci
C -cc

-~~ -~~ -i_i
— - ,-, _ir.

~~~~~~~~~ 
N er_i -~c _i ’_i — s-i c_i mo C s-_i C) C

(- C a C  — mc -mc m c c c ’  — mc c r c c  — mc s-i C)
- —  ,.-~~~~C i— i— ‘f — _ i l  C~ mc cc’ s-_i er_i s-i mc

~~~~~-~If

‘C ‘~~~~ 0 0 —’ —  C O ’-’ --~~~ — 0

I-’-
o

‘i_i
C) 

-

_j
~ 

_ie m ., s-_i C) C) C) C) cr_i en ~ o
-~~~~~~~~

-
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C rCm — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.0
-i_i c_id
cci

e cc
C a- 0 Cc C_i c-_i cc’ cc’ re C_ic Ci N s-i 0_i _i’] ~~‘ N.0 C - 0) CC  C-]  C_i It_i C-i en 0) — — Ci

S.. cFc .~~ C o C  0 — ——O C, a 0 0 0 C C C 0 C 0 C C) C 0‘u_ i -.- C 0 0 0 0 0 0 0 0 0 0 0 0 0
~ r H
-i_i
‘i_i Cc

— u_i
‘5, 1’- N s-_ i (0 mc N C 0) 0) mc C)
- C] s- i  N IC — C) c-_i 0) s-_i cc mc
-~ -‘ _i -  0 C) C-i 0 s-_i cc’ ~~ C’) C) c-_i 0)

-~~~~~ - m c~~~~~e n I c  ~~~m c c c
0 0 0 0 00 0 0 0 C C)  0 0

c_i
~ 1

~i N 0 0 0 0 C 0 0) 0) 0) 0) CC
- -- -r mc en en en en en en en it_i en en en

O mc C) N N N N N N C’-] C) C) Ci I”)
O s- 0 0 0 0 0 00 00 0 00 0

C, -~ ~~~Ccc — C O O  0 0 0 0 0 0 0 0 0 0
C

‘I_ i
c_c

C

en cc en it_i en en cr_i en en it_i en en en

~ 
0 N cc’ cc’ cc’ cc’ cc’ cc’ cc’ cc’ cc’ cc’ cc’
C) C) CI C) C-i C’) Ci C-i C) C-) Ci C-] C)

C C
— 0 0 C 0 C C 0 C 0 C) C C 0

C
.0Ci)

Li)

ci) I I I I I I I e I
cii

cii ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-~ ,- C-I C’) cc’ U) (0 Cc- 0) 0) 0 
_

‘ C) C’)

-2 4 -  



— - - -  .- -- “ - _.
~~

-
~~~~

--~~s-_is -_ i’ - - - -  -- ~~~~~~~~~~~~~ -

~ I ‘ I —:
1.4 Gage records on

initial Shot BS
1 2 — stress level —

X (c m ) d r J e t
I mpac to r

1.0  — 
A A , 0.4391 —

B ,  1 . 9 3 5 8

0.8 — / ‘ — 

P~+1A 0556 crn1 ,s Sen te r ed  Sin t e r e d

~~ 0.6 - — 

— ______ _____ _______

0 . 4  — — 

I” . ~i r- ~~ I I

I 0. 1308 cm -0 01 cm
0.2 — I / “._ -

, B “ “s~~ (b)
0 I l  e I I e I ~

. .

0 0.8 1.6 2 .4  3.2 4 , 0

(a )  T im e (usec )

1.5
1 

I I 1.4

1.3k Shot BS - A - 
1 2 — —

X = 0.4391 cm ‘ Shc-t BS - B1.1 — - 

1.0 - X = 1.9358 cm —

~ 
0 :7  

0.8 —

‘ ‘  0.5 — ~,,/ ~~~~~~~~~~~~~ — 
0.6 — —

0.3 — I ~~..? 0.4 - —
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0 0.4 0.8 1.2 1.6 2.0 2.4 0 0.4 0.8 1.2 1.6 2.0 2.4

(c) Time (lisec) (d) Time (usec )

Fig.  7 . Attenuated wave profiles of the high-stress shot (shot BS) for sintered porous
Be: (a ) experimental gage records , (b ) impactor-target geometry (see also
Table 4) , ( c) - (d)  comparison of measured and computed wave profi les at dif-
ferent  target thicknesses.  (See text for possible corrections to shot BS-B.)

qualitatively. We give below more de- 5. 1 COMPRESSIONAL WAVES
tailed comparisons of the Compressive
and release portions of these wave pro- For sintered porous beryl l ium (Figs.  7
fi les and discuss several interest ing and 8), an elastic precursor  about 0 .4 GPa
features , including the effect of gage high , which  corresponds to the “shoulder~
interaction on the wave profi les .  en the hy drostat in I’ ig. 2 , precedes the
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I i0.1 

~ / / ~~~~~~~~~~ 
/
1 

~~ ( b )

c 1, it /c I e e I
0 0 .4  0.8 1.2 1.6 2.0 2.4

(a)  T ime (u sec )

—
‘ I ‘ I c I 0.7 , I ‘ I I0.7 Shot BU—A

- 0 . 1  - - -0 . 1  - Shot BU—B -

- - X= 0.3028 cm
-0 .2 - — -0.2 — c —

I I i I I I I
0 0.4 0.8 1.2 1.6 2.0 2.4 0 0.4 0.8 1.2 1.6 2 .0 2.4

(c) Time (i.msec ) (d) Time (usec )

I ’ ig. 8. l- ul l and attenuated wave profi les  of the low-stress  shot (shot BU) for sintered
porous Be: (a) experimental gage records , (b) impactor-target geometry (see
also Table 4) , ( c ) - ( f )  comparison of measured and computed wave profiles at
d i f f e ren t  target  th icknesses .  (See text for possible corrections to shot BU - D .)

main plastic wave. At the foot of the pre- ably well wi th  the velocity of the precursor
cursor  the velocity is close to the longi- at this  level,
tudinal  sound speed , but it becomes slower Figures 12 and 13 give comparisons of
at h igher  stresses. The value 0.62 cm/p s  the development of the non-stead y-state
at p 0.2 GPa chosen for the calculat ion shock wave and the precursor.  These
of the f i r s t  ar r ival  t imes agrees reason- transmitted compressive profiles were
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Fig.  8 . ( Con t inued )

O 2j
Sh \ 

_ _

Exper iment  - Exp er i r n ent
0 — Theory 

~~~~

‘ 

-0 1 — 
—Theory 

—

—02 1 1 1 1 1 1 1 1  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
(a) Time (usec ) (b) Time (iisec )

Fig. 9. Computed and measured ful l  wave profiles for as-sprayed porous Be at (a )  h igh
and (b) low stress levels . See Table 5 for  experimental  parameters  used in
these shots .

measured at four d i f ferent  thicknesses by A fas te r - r i s ing  shock front  and the
x -cu t  quar t z  gages. The impactor-target lack of an elastic precursor  are two chief
arrangement of Fig. 3 (b ) was used here, distinguishing features of compress ive
We note that agreement between the pre - profi les in as-sprayed porous beryllium .
dicted and experimental wave profiles is Good agreement  along the compressive
sa t i s fac tory .  port ion of the wave has largely re su l ted
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(c) Time (lisec ) (d) Time (usec)

Fi g. 10 . Attenuated wave profiles of the h igh-s t ress  shot (shot BT) for as-sprayed
porous Be: (a) experimental gage records , (b ) impactor-target geometry
(see also Table 5) , ( c ) - (h )  comparison of measured and computed wave p~-o-
f i les  at different target thicknesses. (See text for  possible corrections to
shots BT-A and BT-B .)

from the use of a new static compaction cates ful l  compaction , and e indicates
func t ion  hav ing  an exponential  form rather elastic l i m i t , i . e ., point A’ in 1- ig. 5(a).)
than earlier expressions 8’9’ 1’ which use For materials which stay porous over a
pol ynomials of 

~~~ 
- 

~~~~ 
~“c 

- 

~~~ 
or relati vely large range of pressure , a

- 
~~~ 

~~c 
- ‘~e~ 

(The subscri pt c it-idi- single polynomial expression (even as
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Fig. 10 . (Continued)

high as fifth-order) is not adequate to dependent T from Eq . (6 )  adequatel y
represent the static compaction curve over describes the r iset imes of the shocks in
the pressure range of interest, the as-sprayed specimens. In the latte r

We also not e from Figs . 6 - l i  that the case , it is noteworth y that 7 changes

arrival times of the shocks (and their from 0 .060 ps at the foot of the shocks to
precursors in the case of sintered speci- 0 .015 ps at 1 .7 GPa . If , instead of Eq. (6) ,
mens) agree satisfactoril y. The rela xa- a constant value (0. 0 15 ps) had been used
tion time ‘r = 0 .04 pm matches the observed for r , the foot of the shocks would be
risetimes of the shocks in the case of the traveling too fast , resulting in much longer
sintered specimens , while the porosity - risetimes than those in the observed profiles.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0 .7 0.8 0 0.2 0.4 0.6 0.8 1.0 1.2
(c)  T im e (u sec ) ( d ) T ime (usec )

Fig. 11 , Attenuated wave profiles of the low-stress shot (shot BR) for as-sprayed
porous Be: (a) experimental gage records, (b) impactor-target geometry
(see also Table 5), ( c ) - ( g )  comparison of measured and computed wave pro-
f i les , (See text for possible corrections to shots BR-A and B R - C . )

The largest deviation occurs in the BT- A and BR-A are anomalous in that the
calculation of the peak stresses, wi th  the peak stresses recorded in the gages lie

exper imental  data ly ing about 10°~ or less below the peak stresses recorded deeper

below computer  predic t ions  (except for within the material. (Compare the peak

shot BT-A in Fig. 10 and shots BR- A and stress levels between shots BT-A and

BR-C in Fig. 11) . E i ther  experimental BT-B in Fig. 10 or shots BR-T and BR-B

uncertainties or approximations in the in Fig. 11 .) Microstretchi ng of the gages
model or a combination of the two could or macrostretching of the gage leads may

account for these relativel y small dif-  account for an apparent lower stress at
ferences . Experimental profiles of shots this surface.
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Fig. 11 . (Continued)

5. 2 GAGE EFF ’ECT the plane of the gage alters the wave pro-
fi les in several important  ways.

It is d i f f icu l t  to carry out a mean ing fu l  First , when a re la t ive l y sharp corn-
analysis of wave profi les  without cons ider-  paction front  encounters  the gage (such as
ing the presence of the in -mate r i a l  (carbon- observed in shots 13T-A , BR- -~, and BR-C) ,

Kap ton) gage . Although the gage itself is the gage response is not instantaneous ,

very thin (�0.01 cm), the discontinuity at but because the wave has to t ravel  through
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~~~~~~~~~~~~~~~ - - are l ike l y causes of t h e  slow r i s et im e s  in

1.6 SCUt _ f r .~/’ the e x p e r i m e n ta l  W a v e  p r o f i l e s  of shots

— -~,- - -n~r ’  U T - U  (F ig .  1 0 ( d ) )  cod UR- ( ’  ( F i g. l l f t - f l .1.4 A . 0.1008
B. 0.7 137 , It is impor t an t  t c c  note that a ramped

• c h a r a c t e r  in t h e  compress ive  port ion of
1.0 t h e  computed  ful l  wave p ro f i l e s  (Figs .  6 ,

0.8 8( c ) , ~J , 10(d)) was formed not jus t  by the

~ ~~~ 
dynamic  (7 -dependen t )  effect  of the pore

A B ’  c losure  alone , but , as described above ,

0 8 1 2  1 6  2 C 

non::ro gage r i n g - u p  t ime  would have al so

Tir e (_sec) 1.7 Shot BH //~
_ _ _  I / I

~~ 
A . 0 . 1953 / /

‘Th rqet B. 0 4183 i I /

E~~~- rc rn e n t  /
1 .3  T heory  I

F-jse d 0 T 2 59  ~~~~~~~ Si t red 
1 0ut I I

quartz -. 
n e u a rtz quartz 

— I /Be bu ffer gage -= 1. 1  
f

_  _  _ _ _  

I
,

~~~0 - 9  -

O. 52~ cm :. ~1 9 c r  
0.7 A 8/

I- ig. 12. Comparison of measured and /computed t ransmi t ted  compres- / Isive wave profiles for sintered 0 5  
/

porous Be . Impactor-target  
I /

geometry used in th is  shot 0 . 3  / -

(shot BG) is also shown. (See
Table 4 for deta ils,) /

0 _ i  / /
I —~‘ I ’ c I I

0 0.4 0.8 1.2  1.6 2. 0

a finite th ickness  of the gage it takes a Ti me ( c sec)

nonzero “ ring -up ~ time to bring its stress
- - Target

to that of the surround ing material ,  The Ini pact or

computer calculations give the r ing-up
time as about 0 . 1 5  ps or less , which is Fused 0.0306 cm/~s Sintered X -cu t B- cut
consistent with most of the experimental quartz - Be ~aaT~ r 

quar t s

profiles. Howeve r , the experimental
ring-up time may become even larger than c~ Acm ...1 1
the computer prediction under  some cir- 0.9525 cm 0.320 cm

cumstances,~~
8 For example, the carbon- Fig. 13. Comparison of measured and

computed transmitted compres-Kapton gages were found to respond par- sive wave profiles for sintered
ticularl y slowly (0 .5 ps) at stress - 0 .5 GPa porous Be . Impactor -tar get

- geometry used in this shot
in a test series in (s o l i d)  fused quartz , (shot BH) is also shown. (See
Ring-up time and such delayed respo nse Table 4 for details,)
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‘ .x im p !.’ , - t t h ~~ u - -  ot  7 w h i c h  i~ i i V -  t good t h i .  c r , p t ‘ — ~~. - r r o1~ - . f l ies - w u v - ~ had 
i - - nt  _ i t  r h -  up p e r  I - t i -n -f t n .  w i ’’c c — i i o n ~~h t i m - t ,  i 6 th e  gicg - t i n  - i t i on s

~- - r ~t~ ~c \ ’ .1 i c r  w v;t-  i t t i , . - u t  t h e  t o o t  u i - I  1 1 1 . - m t  d c —  vu t i - .- e 1\-  w i th  the o n —
it t b .  w c ~~e f r o n t s . coi n i n g  (- - ) r m l ; u r - - s s t - .- .-  waves , A n a l y s i s  of

I t  is ir t ’ - r # - H t t r i L t  to n Ot -  t h a t  t h e  c - - r n —  sh ot s  s n —  H and HI — I )  w i t h  a o n e —
pute ci  ~~~~~~~~ p r o f i l . -s  c-an r E - p r o - h R - c -  q u a l i —  ( h i n t - n -  c m i , !  ruv l r- - - I - - r i a r r i i c  - ~de i s the re—
t a t i ;~- 1v sm a l l  b u m p s  and h u mp s  it ,  p the  f o r e  not a- - - I l i s t  1’ ied .
pE -~~H s t m - e -~~ l e v e l s  in J igs . 3 and 9 , ( u i - t - — In f i g .  I two  c o m p u t e d  wave pro—
ful  ex a m i n a t i o n  ot t he  w a ve  p r o p a g a t i o n  at f f 1 -s , c r r c - - i p o n h u ’ u u  to  shot  B R —  D
d i s c re te t im e i n t e rva l s  has shown th it  (F i g- . 1 l ( f i )  a r c -  n u p er im p o s e d  along
t h e s u  m i n o r  s t r e s s  changes resu l ted  f rom wi th  t h e  - x p e r r n l . - i u t : u i w u v . -  p ro f i l e .  One
an imp edance  m i s m a t c h  at the gage- of the c o mp u t ed  p r o f i l e s  was ob ta ined
spec i men in te r face . A sma l l , ear ly-  inc lud in g  the ga g c -  irs the  ca lcula t ion ,
a r r i v i ng  po r t i on  of the  shock is r e f l ec t ed  w h i l e  the othe r w ;~s t a k e n  at the same
back as a release wave as the gage is p o s i t i o n  but  w i t h o u t  the gage.  The
r ing ing up to a peak s t ress  1€-ve l . The i m p o r t a n c e  of i n c l u d i n g  the gage in a
n e w l y  c rea ted  release wave inte rac t s  wi th  n u m e r i c a l  wave-propaga t ion  calculat ion
the  - i nc oming  main shock , reducing the shows up ra ther  c lear l y in t h i s  cx-
la t te r ’s s t re s s , 1- or a th in  porous Be ample . First , as might  have been
spec imen, the  r’ t - l e a s c -  wave can even expected from the fin i te  r i n g - u p  t ime
r each the impac t  s u r f a c e  and , u pon reflec-  d i scussed  ear l ier , the presence of the
t ion , create small compress ive  waves  as gage reduces the peak stress of an
se c -n  in F igs . 6 and 9 . Disagreement  a t tenuated wave , by about 0 .03 GPa in
between the measured  and the predic ted  this case, The resul t  will be substan-
prof i les  for  waves  propagated over long t ially increased predicted a t t enua t ion .
d is tances , e .g. shots U S-B  (Fig .  7 ( d ) )  and Second , the gage tends to smooth out
lW -fl ( Fig. 8 ( f ) ) , or ig inates  part ly f rom the ra ther  pronounced release charac-
the use of 0 .1 GPa to describe an “aver-a.ge” terist ics that  are calculated for the case
behavior  of the yield  s t ress  over the entire wi thout  the gage . Thi s release behavior
s t r e s s  range considered here . This over- gives a false impress ion  that  the mater-
s imp l i f i ca t ion  most a f fec ted  those cases ial seems to be °suddenl y ” slowing down
where stress pulses propagated over con- the release wave . As is clear from
siderable dis tances  (— 1. 9 cm) , and under-  Fig. 14, this  is, of course, not t rue ;
went  an appreciable  amount  of a t tenuat ion ra ther , the behavior is due to a t ime
from the peak levels ( 1 . 4  and 0. 7 GPa , delay for the  gage to “ ring down:’
respectively) .  The observed d i sagreement  a process opposite to the r ing -up
( — 0 .1 GPa) could have  been reduced w i th  process discussed ear l ie r.
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I - ig. 14. Compar ison  of measured (dashed line) and two computed wave prof i les  for

shot BR-D (sintered porous Be) : solid line is computed profile with the
carbon- Kap ton gage , and dotted line is computed prof i l e  without the gage .
(See Table 5 for experimental  parameters .)

5,3 RELEASE WAVE elast ic-plastic model. Hence , the experi-

mental release wave velocity, which  l ies

The a t t r ac t iveness  of the model shows close to the longi tudina l  sound speed , can

up more dist inct ly along the release wave be successful ly reproduced in the model

path . In contrast to the earlier (hydro- calculat ion (Figs.  6 - 11) .  Both the agree-

dynamic)  models , the present  model is an ment in the arrival t imes  of the release
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W I ’;- - -- l i t - I  t b ,  c y - - n - - m . I n t p r - .~ -~~ i t t - - n  1t - - d  ~ i n i >  . -  t h u  n e w t s  u r - - - t - - d  wa ve -, i l - C  t m - i - cc - I -

a-av e  ‘~~‘n t i I e ~ t i e  s a t u - ~r c i  t a r - ’ , - ‘ up  it  - l i f t  l i t  - - . p i - c - is , and w c - ,-e i n f e r —

f l u - - i .  is  a t i - n - f - r u  t r ~ t h i s - t r n n r - - i i c - 1 C , r i ~ o ccu r  t m ~u c np sue- h W: i - ; , - s  as w e l l

W i ’ .e  r -~~t i l t ’s , af t e r -  ~ n - m - ~~..- .  a t is an i on g  t h i e ~~.- a I c e s  - t n - !  w :i .- -s r e f l e ( - ted

e r i c - i t  t t r i u . - ~ i t t u e  p a ce - , 1 r , - l c - a - e  t r o t ; ,  tb .  i n i p - U  t ~ U i - t c ce and f i - - u r n  t l~~- n j j ~~—

s l ; p l i t l v  t i i r >  f a s t  in  l a t e r  n i t - t h i n s of t h e  e o n i t t l i u i t i , - s  - i t  t I n -  g a g - - s . It is i nt - r - i - st i n g

m. - le’ ts~- ; : - t Ie . l I d s  ,- i i i  U , .- ~~e -r5 in  to n o t - -  t h at t h i s  b e h av i o r  - ,b s e r - - e - d  f o r  the

I - ip s . I , 8 6 - ) , - , u i - I  H o d ) ,  T h i s  d i s —  a s — s p r - u u v e d  spec i mTie r i  does  not n n p c m ’ f l t ! y 

- - 0ev nu  iv i r i p i n i t u  t m - i n ; ( I )  in u i c c ;u r a t e  nc - cur ’  ( c r  is  ver -v  s i n u i l l )  in the  observed
me li ~~~ c. - b - - U t v t o c  to  t h en model , ( i i )  e n i ’ r u —  and ci n u p u t e ; p r o f i l e s  of the  s initered
n i . -ou ~ I - ( c n  p u r ; i m r u - t . -r s  ic r - t he  gage , - u m i i l  S p - (  imen  (F ig s .  7 ( c , 8( d) , and 8(e~ ) .
( s i t i  h y st ’r’ e si s  in th e gage . I n ac cur a c y  Since the  v i e l - I  s t r & - s s  (0 .1 GPa)  used for
in t u e  model  p r ob a b l y  did not i n t roduce  a the sin t e r e d  specimen is r e l a t i v e ly small
s i c r u h i - - i n t  i- m’ro r , S i nc e  a m n - i v a l  t imes  of over ’ most s t ress  ranges cons idered  here ,

lu - r i - l e a s e  wa -c e w e r e  ac ti r a t n l y  p r e— and the  r e l e i  se v e l m -  it i e s  ct d i f f e r€ -  nt

d i c t e I f r o m  the  m a c d e l . On the  o t h e r  hand , s t ress  l eve l s  -~ rc near ly equal  (— 1 . 2 cm O s) ,
we o b - > - r ’ v ~~d c - t m l i e r ’  t ha t  the  release pro-  both t h e  w i d t h s  and the amp l i t u d e s  of
f i l e s  of shot H R - I )  ( F i g .  1-i > are a f fec ted  e las t ic  waves  w h i c h  migh t  be generated
s c - n s i t i - - ;e lv  by t h e  EQS of t he  carbon-  a long the release port ion of the wave are
- : t n t ,n g ige .  T h i s  is also v e ry  l ike l y smal l  and are smoothed out  very  rap idl y

t r u e  in the  cases considered here . T h e r e -  by the wave interactions.
l ir e , a r e f i n e d  I- 0S of the  gage would

l i k e - t v  h r in p  the measured  and the ca lcu-  5.4 OTHER Rl- :MARKS

l u t -d release prof i les  closer . Another
source  for  the observed  deviat ion is the Rather  than examin ing  a s t r e ss b u u s t o r y

poss ib i l ity  of gage hy -.t eresis , resul t ing recorded at a f ixed  carbon-N ;ip ton  gage
in d i f f e r e n t  res i  st ; cn c t c - st r e s s  ca l ib ra t ion  s tat ion , va r ious  p r - ) c - e s s - - s  d i s cu s s e d

scales  along the  compress ive  and the above can be seen b e t te r  by v i e wi r~p a
- 18 , 0 U -release por t ions  of t h -  s t ress  path . series nit snapshots of the wa~ > - p rofi les

F igures  10 and 11 exh ib i t  a comp lex taken at d i f fe ren t  instants  of t i m e .

release b -hav io r  for the as-sprayed spec- F igure  111 gives these  snapshots  corre-

imen . l - x a m i n a t i o n  of the  corresponding sponding to shot BT-E (Fi g. l0( g l~ . Both

model ca lcu la t ions  shows that  the release the elast ic-plast ic  character  of t h e  release
of a propagating wave occurs , crudely -wave and the effect  of the ca rbon-K apton
speaking, in a st a i r s te 1  manner;  i .e ., gage can be seen clearly here , Separation
elastic release’ of an in i t ia l  peak s t ress  of specimen and impactor  occurs  a t  t he

to a level ca lcula ted  from the von Mises impact surface  when the release wave
yie ld  condi t ion , fu r the r  elastic release of from the back sur face  of the 1’M~~L-\ im-
the second stress level to the th i rd  stress pactor starts to propagate inside the porous
level spec i f i ed  by the yield condition , and specimen. The cornpute r-gener ct ’nl wave
so on . A c t u a l l y, the computed wave pro- profile is compared wi th  the  corresponding
f i l e s  look more comp licated than this , exper imenta l  profi le in 1- ig. 15( f ) ,
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F ig. I F > . I-.n ap -~hot of stress waves generated fro m impac t ing  a PMMA p late onto an
as-sprayed porous bery llium target at impact velocity of 0,0750 cm p.~.
Str’c ’- ~s h i s to ry  obtained at carbon-Napton gage is shown i n;  ( f) . l)ashed line
is i -x p er i m en t a l  prof i le . This shot corresponds to shot BT- l- . (See Table 5
and Fig .  10( g) .)
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S i m i l a r  sr u a p s l ; i t a  t o l ’  the  p o r o s i ty  s l i t - I  i - c - . F n b i m - t u r u ; i l c - l y  the t i - n - i t~~ slu - ’,’.-n

i a r - t r n ) t - t er  a un - c  shoa- n in Fig.  16 . We her e  had u i - t b  t i l t  an d ci - ; t r o t! b r e a k - l o a n .

mi tt’ a largt- p l a s t i c -  c - h a n i p i -  in t~ a I t i - r  t h e  I i g u n - .- 1 7 ( a )  c o r r - -~1c i n ds  to our  mode- I

; > t s s a g c - t the a lv e  t r , t i n  \s  shown  in i - t l c u l , c t i u n  ot  ~ 1iot Hi-I ( I -  ig. 1 7 ( c ) )  using

l i p .  10( 1) , t h i s  change cc - c u r ’ s  because  - c - v - m c i  d i t f ’ - r c - r ~ v a l u e H  of l i - s e  arc-

t in -  loading and unloading  p aths  are i - i mn  — p r o f i t  c ’ — i i  i n n  i u t e -  I not at t h e  gage tac t an

i F - t - - I v  d i f f e r e n t . N e v e r t h e l e s s , an but 5i t  t h e  i r n i ; ;c t ~.ur ’L~ - c- . Other ; u d d i —

apprec iab le  a m o u n t  of pore space is m e —  t i o n a l  model  cal - ; u l i t i c n s have  s h o w n

i r ) en ed . Th i s  is shown in 1- ig. l 6 ( - ) .  that  t h i s  is a ~u i r - f ; u e . -  phe nomenon;  i . e .,
I t is easy to show th i s  f rom I-I qs , (8) th e  overshoot c -a n  be observed only  at

ci nci ( l 0 a ) .  In tegra t ing  Eq. (8) under’  the or n, - ar  the  i n n i a t - t  sur face  an d , at

a s s u n ip t i o n  of K >> a P (w h i c h  is t rue  in even sir i l l  d i  - t u t n i c i - -  into the  material

t h i ~ -as e  since K = 155.6 GPa and (<0 . 1 cm) , a t tenua t ion  has removed the
p ~ Si GPa) gives overshoot f rom the wave front . It is

- a ) e:i sv to s c - c -  f r om the dynamic  path shown

= a /  1 - ~~ ex p f A ( P~ - P)] in Fig. 5( b )  that  such a sur face  p henom-
I 1 

- 
enon can be expected f rom the present

( l i )  model .  The stress at the impact sur face

a-hi re P 1 and a 1 
are the values of P and overshoots because the stress pulse is

e at the ini t ial  release point , and sharp ly r i s ing  and the r iset ime of the

(I  K0 - a / K )  a / (a - a . 18 shock is much smaller than the response
0 -, ‘ 0 ~‘ t ime (~ ) of the pore closure , It is also

1 - c m  example, release from P = 1. 2 GPa noteworth y that the overshoot is higher at

under s ta t i c  loading to zero p r e s s u r e  higher  stress levels (shot BT-A in

changes a by an ins ignificant  amount Fig. 10(c) and shot BE in J ig. 17) and

( f r o m  1.069 to 1. 071)  for the  sintered may even disappear  at suf f ic ien t l y low

specimen (a 0 = 1 . 1254) but by about 2% stresses (shot BR-A in Fig. 11( c ) ) .  It

( f rom 1 .068 to 1.090) in the case of the should be emp has ized  here that the ex-

as-sprayed specimen (a0 1. 163). perimerita l  data presented in I ig. 17 are

The calculated impact surface record relatively poor in qual i ty ,  so that  any

on shot BT-A (Fig.  10 ( c ) )  shows an over- conclusion based on them should be con-

shoot at the shock front .  Although a sidered to be tentat ive unt i l  more accura te

s imi la r  s t ruc tu re  was not found in the data become ava i l ab l e . -A precise meas-

corresponding exper imenta l  record (pos - urement  of wave p ro f i l e s  at t h e  impact

sibly because of the gage r ing-up  effect  surface would be u s e f u l , s ince  the  d c c c v

discussed ea r li e r ) , t he re  are other ex- t ime of the overshoot can be r . - l t t - i  to

perimental  records that  show sign s of 7 (Fig.  17( a)) .  1-or such expe r imen t s ,

such an overshoot. Two such exper imen ta l  the porous He specimens m u s t  be ’ c ;t i ’ e-

records are shown in Fig. 17 , where  a ful l y prepared so that I h u t -  s u r f a c e  l a y e rs

sintered Be impactor  collides wi th  a bu f -  of the specimens are excep t ional l y fl it

fered x-cut  qu art i target , with stress and smooth , since the  o v e rsh ot is of

records taken at 0 . 32 cm from the impact such short d u r a t i o n  (~~0 .04 ps1 and tilt or

-3 7- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ rii~~~~~. , ,
~~~~ __ _ _i:_,_,__

~~
1 .~~J



-~~~~--.- - -

1 .16 )  - - - _ 1 .16 k - -

1.1 4k I I’MM~~jm- 1.14 Time (iJsec)

1.12 ~~~~ ~
_ 1 .12- Distance (cnn )

sprayed Be -
1. 1 0- 1 .10~—-

- III Ca rbon-
1.0& - Kapton 1.08

- gage /
1.05 1.06-

1 . 0 4 -

1 .02’ I — - - - - — - --I I — — -
~~~~~ IV 1 . 02’-

1.0
_

- -- - _ I - - . - 1 ,0 ~~~- - -  ~~~~~~~~~~~~ - --0.1 0.1 0.3 0.5 0.7 0.9 1. 1 -0.1 0 . 1 0.3 0.5 0.7 0.9 1.1
(a) Time = 0.4049 (b) Time = 0 .6073

1 . 1 6 —  - 
~~~~~~~

-
~~~~~~~~

- — 1.16— -

1 . 1 4 - -  -~ 1 .14 — j 
-

Li?- - - - 1 .12 — / 1

1.10— / 1 . 1 0 — —  
-~ / I

1.08 - - 
I 

- 
1.08-

>., 
-

1.06— - L Reo pen i ng - 1.06
of pores - :  I 5

1.04 1.04—
I ~ 

- - -

1.02-- 
- 

I 1 .02— -

1 . 0 -  ~ _iS . ~~~~~~~~~~~~~~~~~~~~~~~~~~ l~~~~~~l 1.0 - :  ~~~~~~~~~~~~~~~~~~ - - , 
- -

-0.2 0 0.2 0.4 0.6 0.8 1.0 0 .2 0 0.2 0.4 0.6 0.8 1.0
(c) Time = 1.0122 (d) Time = 1.6186

1 . 1 6 - - I - 

1
~

8
~~~ Stress - volume path - - -

- 1.6-__ Pressu re — volume path -

/
l . 1 0  / I ~~~~~~~~~~~~~~ - : : -

1 08— 0 8 ~~ ~
1 06— 0 6~~~ 4
1.04- - - 0.4— . -

- 

~~~
— - - 1 ’ - -

l . 0 2 ~~ 0.2—- -

1.0 I I - - L~ 0 . . L 
- 

-— I - -  _-~~--I —_

—0.2  0 0 .2  0.4 0.6 0.8 1,0 -14 .5 -12.5 -10.5 -8.5 ~~~~~~~
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1- ig. 16 , Snapshots of t h . -  porosity parameter for the same impactor- target  geometry
as used  in l ip .  I Fr ;  ( f )  shows s tress-  and p r e s s u r e - v s- s t r a i n  paths taken
dur ing  the passage of the Wav e  t r a i n  by Lagrangian element which  was in i t i a l l y
at 0 , 139 cm f rom the impact  s u r f ac e .
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-

Impact velocity r 0 . O3Icm/,.Ls (shot BE )
r0,0126 cm/,Ls(shot BD)

~~
Model ca l cu l ation 

si nt er~~ ~~~~~~~~~~~~~~~~~~ 
gage

I b e r y l l i u m  [X—c u t
c i I impactor  quar tz  buf fe r

0 0.02 0,04 0.06 0.08 0 32cm
T im e (usec )

(a) (b)

A C  

E

B \ /Gage recor d on 
‘“

~ i Gage record on
Shot BE -

~~~
--—--“ - Shot 80

(c ) (d)

Fig. 17 , Stress  histories of sintered porous Be: (a) the computed profi le  (shot BE) at
the impact  ~ur face  with d i f ferent  values of ~, (b ) impactor - ta rge t  geometry
for shots BE and 131), ( C )  experimental profile (shot HE ) measured  at 0. 32 cm
behind the impact surface, and (ci ) experimental  profi le  (shot 13D) measured
at the  same posi t ion as (c) but at a slower impactor speed . A = overshoot ,
B = t ime  of impact , C = s t ress- induced electrical breakdown , I) = ref lect ion
of wave f rom back of gage, and E = impactor tilt effec - t .

e lectr ical  noise can easily mask the effect , the present tests would be desirable sci
The plate-impact  geometry of Fig. 17(b ) that any possible at tenuation of the over-
would be adequate for th is  purpose , but a shoot du r ing  the  propagat ion through the

much  thinner b u f f e r  than the ones used in buffer  can be m i n i m i z e d .
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6. C onc lus ions

In s u m m a r y ,  we have shown that  the pressure  and the deviatoric  stress as
p r’ c - s c - n i t  m a l l can desc r ibe  wave  propa - expressed by Eq. ( 1 1 ) , and ( i v )  a negl i-
gat ion in both sin t e red  and as-sprayed gible Bauschinger  ef fec t . W h i l e  the
porous  b e r y l l i u m  l a y e rs  w i t h i n  the  neces- isotropy assumpt ion  ( i )  is not s t r ict ly
s t r ~ accuracy .  Both the compress ive  correct at lower  s t r esses  (~ 1 GPa), no
c h a r a c t e r i s t i c s  ( f i r s t - wa v e  a r r iva l  t ime , theoret ical  anal ys i s  on the anisotrop ic
r i s t u t i me of shock , and peak stress)  and cont r ibu t ion  to wave prof i les  has been
the release character is t ics  (arr ival  t ime  made. Similarly, there are presently no
of release wave and general attenuated theoretical  or experimental  studies as to
wave shape) of shocks have been repro- the validity of assumptions ( i i ) - ( i v ) .  The
duced satisfactorily for d i f ferent  stresses good agreement presented here suggests
and pulse durations as well as for dif -  that these assumptions might be reasonable
ferent  thicknesses of the porous specimens. ones to use for the wave propagation study.
Slight deviations between the exper imenta l  Finally, both the experimental and the
and computed wave profi les l ie mostly theoretical analyses presented here sug-
within  the combined errors of the model gest different  yield behavior for the
and the experimental  data , We have also sintered and plasma-sprayed specimens.
shown that the elastic-plastic effect  plays The results on the l -D  experiments and

a major role in shaping the wave profiles , the Hugoniot data do not agree with each
and that release wave profiles recorded other for sintered bery llium. Before
at the carbon-Kapton gage depend signif i-  attributing this disagreement to the rate-
cantl y on the EOS of the gage. The model dependent effect in the Hugoniot data ,
also predicts an interesting effect  that careful dynamic and static experiments
impact sur face  measurements could pro- should be performed to find out any other
duce , i .e ., an overshoot in the compres- source of the di f ference .  Future  work
sive wave profile beyond a certain stress could be concerned with the effects of
level, varying amount s of porosity, and with the

Important assumptions in the present sintering condition~ as they affect the
model are: (i )  isotropy of the medium , tradeoff between material strengt h and
(i i )  porosity change directly attributable its ability to attenuate a short-duration
to the pressure, (i i i)  separability of the shock pulse.
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